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a. For existing conditions, without the vertical-watlled city dock (Base lest 1), rough and

turbulent wave conditions existed in the harbor during periods or storm wave attack. Wave
heights exceeding 3.0 ft in the mooring area and inner harbor for several test waves
occurred during boating season.

b. Installation of the vertical-walled city dock (Base Test 2), in general, increased wave

heights in the harbor with values exceeding 4.0 ft in the mooring area and inner harbor

for several test waves occurring during boating season.

C. For existing conditions (Base Test 1 and Base Test 2), excessive energy entered the harbor

through the navigation entrance, through the opening between the east breakwater and the
shore, and due to overtopping of the existing breakwaters.

d. Initial wave-height measurements (Plans 1-6) indicated that absorbers inside the harbor and
shoreward extensions of the east breakwater would not reduce wave heights in the harbor to

acceptable levels, and that a breakwater extension at the entrance (Plan 6) would be
required to prevent energy from entering the harbor.

e. With the original west breakwater extension and absorber of Plan 6, test results indicated
that the city dock absorbor (Plan 8) or a 125-ft-long shoreward east breakwater extension

(Plan 12) would yield similar wave conditions in the mooring area.

i. Of the improvement plans tested with the initial west jetty extension (Plans 6-21), Plan 12
(300-ft-long lakeward west breakwater extension, west breakwater absorber, and 125-ft-long
shoreward east breakwater extension) appeared to be optimum with respect to wave protec-
tion and costs; however, the entrance would be somewhat restricted.

y, For the Plan 12 harbor configuration, the 2.0-ft wave-height criterion in the mooring area
will be exceeded by 0.4 ft for summer wave conditions from west with a 20-year recurrence

[ interval. A 180-ft-long parapet wall installed on the west breakwater (Plan 15 or 16)
will reduce wave heights to 2.0 ft for these incident wave conditions.

h. The installation of breakwater spurs inside the breakwaters (Plan 24), as an alternate to

lakeward breakwater extensions, will not reduce wave heights in the mooring area to
acceptable levels.

i. Parallel extensions of the east and west breakwaters (Plan 25) will provide adequate wave
protection in the mooring area; however, cumulative lengths of these extensions exceed

the length required for a curved west extension, resulting in a more costly structure.

j. The crest elevation of the west breakwater extension can be reduced from +13 ft to +11 ft
(Plan 31) and still provide adequate wave protection in the mooring area.

k. Of the improvement plans tested with a west jetty extension oriented to provide a wider
entrance, Plan 42 f250-ft-long lakeward west breakwater extension, west breakwater absorber,

in S 150-ft-long shoreward east breakwater extension) appeared to be optimum with respect to

wave protection, ease of navigation, and construction costs.

1. For the Plan 42 harbor configuration, the 2.0-ft wave-height criterion in the mooring area
will be exceeded by 0.3 ft for summer wave conditions from west with a 20-year recurrence

interval and 0.2 ft for fall wave conditions from unrefracted northeast with a 20-year
recurrence interval. To reduce wave heights to 2.0 ft in the mooring area, a 180-ft-long

parapet wall installed on the west breakwater (Plan 15 or 16) is required for test waves
from west; and a 25-ft-long shoreward extension of the east breakwater (Plan 41) is
required for test waves from the unrefracted northeast direction.

m. The absorber installed adjacent to the west breakwater not only daups wave cncrgv enter-

ing through the harbor openings, but also dissipates wave energy entering the harbor due to
overtopping of the west breakwater. The removal of four 100-ft sections of this absorber
(Plan 58), however, will have an insignificant impact on wave heights in the mooring area.

n. With the vertical-walled city dock removed from the harbor, the 150-ft-long shoreward
extension of the east breakwater (Plan 42) can be removed without sacrificing wave protec-

tion in the mooring area.

Based on the results of the spectral wave tests (detailed in Appendix B), it was concluded that:

a. For the optimum improvement plan (Plan 58), wave heights in the mooring area were well
within the established wave-height criterion for the spectral wave conditions tested.

Sb). A comparison of monochromatic and spectral wave conditions indicated that monochromatic
waves resulted in slightly larger wave heights throughout the harbor, and monochromatic

wave test results may be considered slightly conservative.
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PREFACE

A request for a model investigation of Barcelona Harbor, New York, was

initiated by the District Engineer, US Army Engineer District, Buffalo (NCB),

in a letter to the Division Engineer, US Army Engineer Division, North Central

(NCD), dated 15 June 1983. Funds for the US Army Engineer Waterways Experiment

Station (WES) to conduct the study were authorized on 11 July and 16 August 1983.

This investigation was the second model study of wave action in Barcelona

Harbor conducted by WES. The first was completed in 1958 and reported in WES

Technical Report No. 2-523, "Wave Action and Breakwater Location, Harbor of

Refuge for Light-Draft Vessels, Barcelona, New York," dated September 1959.

The model study was conducted during the period August 1983-January 1984

by personnel of the Wave Processes Branch (WPB), Wave Dynamics Division (WDD),

Coastal Engineering Research Center (CERC), WES, under the direction of Dr. R. W.

Whalin, Chief of CERC; Dr. L. E. Link, Jr., Assistant Chief of CERC; Mr. C. E.

Chatham, Jr., Chief of WDD; and Mr. D. G. Outlaw, Chief of WPB. The tests were

conducted by Mr. M. G. Mize, Civil Engineering Technician, Mr. E. R. Smith,

Civil Engineer, Ms. M. L. Hampton, Computer Technician, and Mr. L. L. Friar,

Electronics Technician, under the supervision of Mr. R. R. Bottin, Jr., Project

Manager. Dr. R. E. Jensen, Research Hydraulic Engineer, developed the wave

spectra at the site and Mr. K. A. Turner, Computer Specialist, programmed the

spectral wave generator. This report was prepared by Mr. Bottin.

Prior to the model investigation, Messrs. Bottin and Mize met with

Mr. Tom Bender from NCB and visited the prototype site. During the course of

the study, liaison between NCB and WES was maintained by means of conferences,

telephone communications, and monthly progress reports.

The following personnel visited WES to observe model operation and/or

participate in conferences during the course of the model investigation.

Mr. Charlie Johnson NCD Mr. Doug Richmond Westfield, N. Y.
Mr. Don Liddell NCB Mr. James Monroe Westfield, N. Y.

Mr. Tom Bender NCB Mr. Don Briggs Westfield, N. Y.

Mr. Denton Clark NCB

Commander and Director of WES during the conduct of this investigation

and the preparation and publication of this report was COL Tilford C. Cree'l, CE.

Technical Director was Mr. F. R. Brown.

• " ' "°" - i . .1
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CONVERSION FACTORS, US CUSTOM4ARY TO METRIC (SI)
UNITS OF MEASUREMENT

US customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

miles (US statute) 1.609344 kilometres

pounds (mass) per cubic foot 16.01846 kilograms per cubic metre

square feet 0.09290304 square metres

square miles (US statute) 2.589988 square kilometres

tons (2,d00 lb, mass) 907.1847 kilograms

Aor

C

3



020 10 790

4 3 0C YO 430

£ B..UF LO
MICHIGAN ONTARIO...*

* * -N-

LAKE - UNKIRK
DETROIT ST CLAI RCLN

TOLED OHIOPENNSYLVANIA

CLEVELAND STATUTE MILES

OHI 0125 0 25 50

83' 82 ~ 8100 790

Figure 1. Project location

0

4



BARCELONA HARBOR, NEW YORK

DESIGN FOR HARBOR IMPROVEMENTS

Hydraulic Model Investigation

PART I: INTRODUCTION

The Prototype

1. Barcelona Harbor is located in the town of Westfield, Chautauqua

County, N. Y., and situated on the south shore of Lake Erie approximately

17 miles* southwest of Dunkirk, N. Y., and 29 miles northeast of Erie, Pa.

(Figure 1). The harbor provides both commercial and recreational activities

to the area. Four owner-operated commercial fishing vessels (ranging in length

* from 30 to 42 ft) operate out of the harbor. Approximately 41 tons of fresh

* fish (perch and pike) are harvested annually with an estimated value of

$83,000 (US Army Engineer District, Buffalo, 1982). Recreational facilities

. include the MIonroe Marina, municipal launching ramp, and a public wharf. The

Monroe Marina provides approximately 35 moorings for recreational boats while

the other facilities are used extensively by the general public.

2. The existing project (Figure 2) was authorized by the 1945 River and

Harbor'Act (US Army Engineer District, Buffalo, 1958). Construction of the

harbor was completed in 1960 and included a 9-ft-high,** 693-ft-long east

* breakwater and an 11-ft-high, 790-ft-long west breakwater with a 175-ft-long

shore arm. The breakwaters are concrete-capped cellular steel sheet-pile

structures and the shore arm is a single row of steel sheet piling. The en-

4 trance gap between the lakeward ends of the breakwaters is 150 ft wide. The

project also includes an 8-ft-deep, 100-ft-wide entrance channel leading to an

8-ft-deep, 800-ft-long harbor basin ranging from 125 to 350 ft in width.

4 The Problem

3. The design of the existing harbor is inadequate to meet the

* A table of factors for converting US customary units of measurement to

*metric (SI) units is presented on page 3.
l* lI elevations (el) cited herein are in feet referred to low water datum

(Iwd).

l ,
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requirements of a harbor-of-refuge during storm activity. Waves propagating

into the harbor reflect off the vertical cellular breakwaters and tile vertical-

faced public wharf resulting in a confused wave climate inside the harbor of

standing and multidirectional waves. The 2-ft design wave height established

for the mooring area (harbor-of-refuge standards) is frequently exceeded, and

3- to 4-ft wave heights are not uncommon in the harbor. These excessive wave

conditions are hazardous and have resulted in numerous cases of heavy damages

experienced by boats moored in the harbor. Also, the use of the present har-

bor for recreation is limited and unattractive due to the excessive wave action

experienced.

4. In summary, wave conditions make Barcelona Harbor unsafe as a harbor-

of-refuge for small boats, resulting in no adequate small-boat refuge between

Dunkirk, N. Y., and Erie, Pa., a distance of 56 miles. Storm condit' 'so

result in an unsafe harbor for permanently moored craft resulting lack of

9 adequately protected permanent mooring and docking facilities to accomm-date

the growing demand for such facilities in the Westfield area.

Proposed Improvements

5. Possible improvements for wave protection at Barcelona Harbor, as

considered in the 1982 US Army Engineer District, Buffalo (NCB), Reconnaissance

Report, consist of one or more of the following alternatives:

a. Construction of two 200-ft-long rubble-mound extensions of the
lakeward ends of the existing east and west breakwaters parallel

to the existing entrance channel.

b. Construction of a 300-ft rubble-mound wave absorber along the
northerly face of the existing public wharf.

* c. Construction of a 300-ft-long rubble-mound extension of the
shoreward end of the east breakwater.

d. Construction of rubble-mound absorbers placed along the harbor

sides of the east and west breakwaters.

e. Construction of two rubble-mound spurs placed approximately
* 200 ft south of the lakeward heads of the east and west break-

waters. The west and east spurs would be about 100 and 150 ft
long, respectively.

Purpose of the Model Study

6. At the request of NCB, a hydraulic model investigation was conducted

7S



by the US Army Engineer Waterways Experiment Station (WES) to:

a. Determine wave conditions in the harbor as it now exists, both

with and without the vertical-faced public wharf.

b. Determine if the proposed improvements would provide adequate
wave protection for small boats moored in the harbor.

c. Develop remedial plans, as necessary, for the alleviation of un-
desirable wave conditions.

d. Determine if suitable design modifications of the proposed plans
could be made that would significantly reduce construction costs
without sacrificing adequate wave protection.

e. Determine if the optimum improvement plan (as determined by
monchromatic wave-height tests) would provide the desired wave

protection for spectral wave conditions.

Wave-Height Criteria

* 7. Completely reliable criteria have not yet been developed for ensuring

*: satisfactory navigation and mooring conditions in small-craft harbors during

attack by waves. For this study, however, NCB specified that for any of the

various improvement plans to be acceptable, maximum wave heights were not to

exceed 2.0 ft (harbor-of-refuge standards) in the mooring area for waves occur-

ring during the boating season (spring, summer, and fall).

r
0

0

p8

0
S'
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PART II: THE MODEL

Design of Model

8. The Barcelona Harbor model (Figure 3) was constructed to an undis-

torted linear scale of 1:60, model to prototype. Scale selection was based on

such factors as:

a. Depth of water required in the model to prevent excessive bottom

friction.

b. Absolute size of model waves.

" ' ' - . ';o2 -. ', . ...... *j.."

A

AA- - -07 .,

j7

/-/

Figure 3. Model layout
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c. Available shelter dimensions and area required for model

construction.

d. Efficiency of model operation.

e. Available wave-generating and wave-measuring equipment.

f. Model construction costs.

A geometrically undistorted model was necessary to ensure accurate reproduction

of short-period wave and current patterns. Following selection of the linear

* scale, the model was designed and operated in accordance with Froude's model

* law (Stevens et al. 1942). The scale relations used for design and operation

of the model were as follows:

Model:Prototype

Characteristic Dimension* Scale Relation

Length L** L = 1:60r

Area L2  A = L2 = 1:3,600
r 3

Volume L3  V = L3 = 1:216,000r r
1/2

Time T T = L = 1:7.75
r r

Velocity L/T V = LI/ 2 = 1:7.75r r

* Dimensions are in terms of length and time.

** For convenience, symbols and unusual abbrevia-

tions are listed and defined in the Notation

(Appendix C).

9. Proposed improvement plans tested in the model of Barcelona Harbor

included the use of rubble-mound breakwaters and absorbers. Based on past

experience, 1:60-scale model structures should not create sufficient scale ef-

0 fects to warrant geometric distortion of rock sizes in order to ensure proper

transmission and reflection of wave energy. Therefore rock size selection was

based on linear scale relations and an assumed specific weight of 165 lb/ft 3

for the prototype rock.

The Model and Appurtenances

10. TFhe model, which was molded in cement mortar, reproduced approxi-

Saatcly 7,000 ft of the Lake Erie shoreline, Barcelona Harbor, and underwater

contours in tile lake to an offshore depth of 24 ft with a sloping transition

10I0



to the wave generator pit elevation of -50 It. The total area reproduced in

hthe model was approximately 11,0 50 sq ft, representing about 1.5 square miles

in the prototype. A general view of the model is shown in Figure 4. Vertical

Cont rol for model construction was based on low water datum (lwd), el 568.6

above mean water level at Father Point, Quebec (International Great L.akes

Datum 1955). iorizontal control was referenced to a local prototype grid

svstem.

11. Monochromatic model waves were generated by a 60-ft-long mechanical

wave generator with a trapezoidal-shaped, vertical-motion plunger. The vertical

!!. movel'ent of the plunger caused a periodic displacement of water incident to

this motion. The length of the stroke and the frequency of the vertical motion

were variable over the range necessary to generate waves with the required

characteristics. In addition, the wave generator was mounted on retractable

casters which enabled it to be positioned to generate waves from the required

*directions. After an optimum test plan was selected, it was subjected to

spectral wave conditions. Spectral waves were generated by a 60-ft-long

electrohydraulic wave generator with a trapezoidal-shaped vertical-motion

plunger. This generator utilized a hydraulic power supply and was controlled

by a computer-generated command signal.

12. An Automated Data Acquisition and Control System (ADACS), designed

and constructed at WES (Figure 5), was used to secure wave-height data at

selected locations in the model. Basically, through the use of a minicomputer,

ADACS recorded onto magnetic tape the electrical output of parallel-wire,

resistance-type wave gages that measured the change in water-surface elevation

with respect to time. The magnetic tape output of ADACS then was analyzed to

obtain the wave-height data.

13. A 2-ft (horizontal) soLid layer of fiber wave absorber was placed

around the inside perimeter of the model to damp any wave energy that might

othei. ise be reftected from the model walls. in addition, guide vanes were

placed along the wave generator sides in the flat pit area to ensure proper

formation of the wave train incident to the model contours.

11
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PART III: TEST CONDITIONS AND PROCEDURES

Selection of Test Conditions

14. Still-water levels (swl's) for harbor wave-action models are

*selected so that the various wave-induced phenomena that are dependent on

water depths are accurately reproduced in the model. These phenomena include

the refraction of waves in the harbor area, the overtopping of harbor struc-

tures by the waves, the reflection of wave energy from harbor structures, and

* the transmission of wave energy through porous structures.

15. Water levels of the Great Lakes fluctuate from year to year and

from month to month. Also, at any given location, the water level can vary

from day to day and from hour to hour. Continuous records of the levels of

the Great Lakes, tabulated since 1860, indicate that the usual pattern of

* •seasonal variations of water levels consists of highs in summer and lows in

late winter. The highest and lowest monthly average levels in Lake Erie us-

ually occur in June and February, respectively. During the period of record

(1860-1952), the average lake level of Lake Erie was +1.8 ft for the entire

year and +2.1 ft for the ice-free period (April through November). The highest

1-month average level of +4.2 ft occurred in May 1952, and the lowest 1-month

average level of -1.1 ft occurred in February 1936 (Saville 1953). The

seasonal variation in the mean monthly level of Lake Erie usually ranges be-

tween I and 2 ft with an average variation of 1.6 ft.

16. Seasonal and longer variations in the levels of the Great Lakes are

caused by variations in precipitation and other factors that affect the actual

quantities of water in the lakes. Wind tides and seiches are relatively

reO short-period fluctuations caused by the tractive force of wind blowing over

the water surface and differential barometric pressures, and are superimposed

on the longer period variations in lake level. Large ,hort-period rises in

* local water level are associated with the most severe storms, which generally

0 occur in the winter when the lake level is usually low; therefore the prob-

ability that a high lake level and large wind tide or seiche will occur simul-

taneouslv is relatively small.

17. Lake levels of +3.0, +4.0, +5.0, +5.5, and +6.5 ft were selected

0 tby NCB for use during model testing. These water levels correspond to various

1 4
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* seasons of the year and direction of wave attack as shown in the fol-lowing

tabulation:

Design Lake Levels, ft

o Third Quarter Fourth Quarter
Wave Direction Jul-Sep Oct-Dec

West +6.5 +5.5

Northwest +5.0 +4.0

North +5.0 +4.0

Northeast +4.0 +3.0

The design lake levels selected are equivalent to the 10-ve'r frequency annual

mean lake level for the particular season plus a short-period peak rise having

a 1-year recurrence interval. Short-period rises of 2.5, 1.0, 1.0, and 0.0 ft

were used for test waves from west, northwest, north, and northeast, respec-

tively. In addition, NCB requested that model testing be conducted with a

+3.0 ft swl for waves from all test directions. This value would represent

'* less severe conditions that occur more frequently at Barcelona Harbor during

• -the boating season.

Factors influencing selection

of test wave characteristics

18. In planning the testing program for a model investigation of harbor

wave-action problems, it is necessary to select dimensions and direction., for

the test waves that will allow a realistic test of proposed improvement plans

and an accurate evaluation of the elements of the various proposals. Surface-

wind waves are generated primarily by the interactions between tangential

stresses of wind flowing over water, resonance between the water surface and

atmospheric turbulence, and interactions between individual wave components.

. The height and period of the maximum wave that can be generatk.d by a given

storm depend on the wind speed, the length of time that wind )i a given speed

continues to blow, and the water distance (fetch) over which thlic wind iblow:.

Selection of test wave conditions entails evaluation of such factors as:

a. The fetch and decay distances (the latter being the distance
over which waves travel after leaving the generating area) for
various directions from which waves can attack the problem area.

b. The frequency of occurrence and duration of storm winds from

the different directions.

15



&. IThe al igtti:R'tit . e , and rul at iv geo41tgraipic U' ost t t ol the

na 'i IL iOn ent aInlr ce to lt' ha rbor.

d. t ihe i i gn:'t - , Iln- I t is , anld lorat ions .- lt l 'it ar ious ref I I ' t ic',
Stirt ,iCt'S [i ti lL ' thlarL tr.

C. 1c reira 't 1 01 waves aus'd AU ditltlctrnlials in depth in tilt'
area lIcKwardi o thv htrb)or, which ayiav craLte e.it~l-r a ccnr.n-
LraLtion or a difftuslon of wave energy at tile harbor site.

.kc. r ct ton

[ .htcf wInd waves move into Water of gradually decreasing depth, trans-

tormat ions take place in all wave characLeristics except wave period (to the

first order of approximaLion). [lie iust important transformacions with respect

to the selection of test wave chararteristlcs are the changes in wave height

and direction of travel due to the phenomenon referred to as wave refraction.

ite change in wave heghL and direction can be determined by plotting refrac-

tion diagrams and calculating refraction coy (-ficients. These diagrams are

* onstructed by plotting the position of wave orthogonals (lines drawn perpen-

dicuLar to wave crests) from deep water Lnto shallow water. If it is assumed

tilat the waves do not break and that there is no lateral flow of energy along

tte wave crest, the ratto between the wave height in deep water (H ) and the0

wave height_ at any point in shallow water (iH) is inversely proportional to the

square root of tie ratio of the corresponding orthogonal spacings (b and b),
1/2 1/2 o

otr il/it = K (b /b) The quantity (b /b) is the refraction coeffi-
L) 5 0 0

cient, K ; K is the shoaling coefficient. Thus the refraction coeffi-
r S

cient mulLiplied by the shoaling coefficient gives a conversion factor for

transfer of deepwater wave hights to shallow-water values. The shoaling co-

i ficLent, a runction of wavelength and water depth, can be obtained from

LSALRC (1977). Por tiils study, refraction diagrams were prepared for repre-

*@ .~stLaLivL wave periods from t he critical directions of approach using computer

ia,i. 1 tL'es at WES and are deLailed in Appendix A.

LCtouto i jl wave daLa and
. r'ICLLion of test waves

* .tt). "':Ieasllrcd protot>'p, wavy data on which a comprehensive statistical

aI al1'5sis of wave cond iLions could be based were unavailable for the Barcelona

* jiiarbor area. However, statistical deepwatcr wave hindcast data representative

ol Liils area were obtained from Iesiu and Vincent (1976a) shoreline grid

point 21. The numerical wind and wave models used to produce this data are
described in Resio and Vincent (197Ob, 1977a, 1977b, and 1978). Resio and

L
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Vincent (1076a) cover deepwater kWaves app)roaclhing t-rom three2 angular setr

at the site (Figure 6). Tab te g ives the s ign it icant Wave heights I n)r a! I

approach angles and seasons combined for recurrence intervals af 5, I1i, 20, 0
and 100 years. Table 2 shows signif i g s

hecight . The characteristics of mo1st wavs used during model te~st ing we're 1'F1

resentative of wave conditions occurring during the navigtion (boatinug) <L~;u

In addition, maximum wave heights for the winter season (20-ye.ar reCu~rrul(

intervals) were tested to aid in design of the proposed breakwaters,. Model

test waves were selected from Tables I and 2 and converted to shallow-water

values by application of refraction and shioaiing coefficients as shown inl Lil,

following tabulation:

Recurrence
Shallow- Wave Deepwater Shiallow-Water Interval

Deepwater Water Period Wave Height Wave Height Years

Direction Azimuth, deg sec ft ft (season)* swql

0West 287 7.1 6.9 6.3 5 (S) +.

9.2 12.1 1.2.0 5 (F) +.

7.7 4.0 3.8 +6.5
8.2 7.9 20 (S) +6.)

9.9 6.0 6.2 31

13.4 13.9 20 (F) +

10.1 14.1 14.7 20 (W,,) +6.5

Northwest 316 5.7 4.9 4.8 5(S) +D. 0
6.9 8.9 8.3 5 (F) +4.0

6.2 6.6 6.3 20 (S) ±5+

7.5 5.0 4.6 +4.0
-410.8 9.9 20 (F) +4.0

7.8 11.5 10.5 20 (W) +5-. 0

North 347 5.7 4.9 4.6 5 (S) 4).0)

6.9 8.9 7.9 5 (F) 4-4.0

6.2 6.6 6.1 10 (5) +5.0

7.5 5.0 +.)

10.8 9.6 20() +.
7.8 11.5 10.2 2(0 (W) +5J

Northeast 20 4.9 3.6 2.8 5(8) 4t 4.1I

6 .4 6.9 5.0 +SF +3.

5.9 5.2 40 20) (8) +i..

6.7 4. 0 2,.9 f 1.
7.9 ).i /(1 . 4F 3.0

6.9 8.2 ).8 (< +.

S sumer, fall and WWinter seasons.

17
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Figure 6. Wave :,idcast angle classes

21. In addition to the above test waves, NCB also requested that wave

. claracteristics obtained by Jensen (1984) be used for model testing. The fol-
lI

*. lowing test waves represent values with a 1-year recurrence interval occurring

Iuring the Mav-October season and were tested in the model with a +3.0 ft swl.

Wave Deepwater Shallow-Water
Deepwater Slhallow-Water Period Wave Height Wave Height
Direction Azimuth, deg sec ft ft

-(est 287 5.2 3.9 3.7
Northwest 316 6.2 6.3 6.0
'orth 347 5.9 5.5 5.1
Northeast 20 5.9 5.6 4.3

0 22. During the conduct ot model testing, test waves from northeast

(2u dug) also were tested from an unrefracted northeast directioi (45 deg).

iiiis actually represented deepwater waves approaching from a more easterly

iirAC tion titan northeast (refracted to due northeast, 45 deg). Waves from

S t 1 i direction potentially could enter the harbor through the opening between

Ltic e<tst hrcakwater and tile public wharf (city dock).

18



Analysis of Model Data

23. The relative merits ot the various plans tested were evaluated iy:

a. Comparison of wave heights at selected Ilocat ions in thL ha rh(r.

b. Visual observations and photographs.

in the wavu-helight data analysis, the average height of the highest one-Lhid

of the waves recorded at each gage location was computed. Computed wav,

heights then were adjusted to compensate for excess model wave-height attenua-

tion due to viscous bottom friction by application of Keulegan's equation

(Keulegan 1950). From this equation, reduction of wave heights in the m1odel

(relative to the prototype) can be calculated as a function of water depth,

width of wave front, wave period, water viscosity, and distance of wave travel.

19
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PART IV: IESIS AN) RlESULTS

lie Tests

-' ,. K orio. L sI of the vat oris imp rovement plans , comnp reheunsivtie Lests

'..,r ,utdtc td for two base Lust cotiditLons. B;rse Tst 1 (Plate 1) consisted

01 ticQ Ling harbor wiL out the vertical-wafled *city dock and Base Test 2

-' Itut 2) includd the citv dock. Wave-height data were obtained for Base

St I d ise lost 2 at various loaLiots in tuL harbor (Plates I and 2) for

tie test: wives listed in pa ragraphs 20 and 21. Wave pattern photographs also

wcc., secured for ruprsuntative waves from the selected test d[reetions.

NrtovumErlt plans

23. Wave-height tests were conducted for 58 test plan variations.

6 I tl,_,sc variations consisted of changes in tie lengths, alignments, and cross

>scLiois tI Iakuward breakwater extensions; shoreward extensions of the east

h,,, ,a.wr; absorbers on ihe harbor sides of the breakwaters; the installation

ot A paLrapet wall on the west breakwater; and an absorber along the vertical-

wd c it, do ck, Wave paLttern photographs were obtained of all the test plans.

ricr dscriptLios of tLe improvement plans are presented in the following

, *.t ravripirs; d imensiotal details are shown in Plates 3-28.

a. Ilan I (Plate 3) consisted of a 280-ft-long absorber placed on
thc lakeward face of the vertical-wall d city dock. The ab-
sorher crcst elevation was +6 ft.

b. Plan 2 (P'late 3) untailed the elemetts of Plan 1 w ith a 300-ft-
lot,: s ioreward rubble-nound extension of the existing east
breakwrter. Tire crest elevation of the extension was +8 ft.

* C. iPla 3 (l'ate 3) inolved the elements of 1 lan 2 with a 150-1ft-
ion; aborbur installed at an elevation of +9 ft along the
inside of tihe head of the west breakwater.

d. ' an 4 (Plate 3) included the elementts of Plan 3 with a 151-ft-

long absoiber instalLed along tihe inside of the head of the

cist itreakwater at an elevat ion of +9 ft.

C . P lan 5 (Pl ate 4) consisted of the elements of Plan 4 with an
additionrIt 641-ft-long absorber (crest el +8 ft) instalied

K a long tire inside of the west breakwater trunk.

f. Plan 6 (Plate 4) entailed the elements of Plan 5 with a 300-ft-
long lakeward, curved rubble-motnd extension of the west break-
water installed at an elevation of +-13 ft.

20
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g. Plan 7 (Plate 5) included the elements of Plan 6 with the 1 30-1 t-

long absorber at the head of the east breakwater removed.

h. Plan 8 (Plate 5) involved the elements of PLan 7 with the 300-i t-
long shoreward extension of the cast breakwater removed.

i. Plan 9 (Plate 5) consisted of the elements of Plan 8 with the
280-ft-long absorber on the City dock removed.

j. Plan 10 (Plate 6) involved the elements of Plan 8 with 240 it
of the absorber at the sare,.'ird end of tile west breakwater
removed.

k. Plan 11 (Plate 7) included the e ements of- Plan 9 with a i00-ft-
long shoreward rubble-mound extension (crest el +8 ft) of the
east breakwater.

1. Plan 12 (Plates 7 and 8) entailed the elements of Plan 9 with
a 125-ft-long shoreward rubblc-mound extension (crest ci +8 ft)
of the east breakwater.

M. Plan 13 (Plate 9) consisted of the elements of Plan 12 With a
4-ft-high, 790-ft-long parapet wall installed on the west break-
water. The shoreward 180-ft-long section of the parapet wall

* was installed at an elevation of +13 ft and the remaining por-

tion at el +15 ft.

n. Plan 14 (Plate 9) entailed the elements of Plan 12 with a 4-Lt-
high, 180-ft-long parapet wall installed on the shoreward end
of the cellular breakwater. The breakwater elevation of +9 ft
resulted in a parapet elevation of +13 ft.

o. Plan 15 (Plate 10) included the elements of Plan 12 with a 4-it-

high, 180-ft-long parapet wall installed on the shoreward end
of the el +11 ft section of the west breakwater resulting in i
parapet elevation of +15 ft.

p. Plan 16 (Plate 10) involved the elements of Plan 15 but te
180-ft-long parapet wall was moved to the lakeward side of the
west breakwater.

q. Plan 17 (Plate 11) consisted of the elements of Plan 16 but the
125-ft-long shoreward extension of the east breakwater was re-
moved and the 280-ft-long absorber adjacent to the lakeward face

* of the city dock was reinstalled.

r. Plan 18 (Plate 1W; entailed the elements of Plan 17 with the
180-ft-long parapet wall removed.

s. Plan 19 (Plate 12) involved the elements of Plan 16 withi tKy

125-ft-long shoreward east breakwater extension reinstal Iled.

t. Plan 20 (Plate 12) included the elements of Plan 19 with the
180-ft-long parapet wall of Plan 16 reinstalled

u. Plan 21 (Plate 13) consisted of the elements of Plan 12 withi a
693-ft-long absorber al Itg tie inside of the tast breakwater
and a 280-ft-long absorber along tile vertical face of [lie cit'

* •dock.

!2
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v. Plan (Plate 14) cntailed the elements of Plan 12 but the
)()L- t-lo lakeward west breakwater extension was removed.

I' !',! 23 K1'A, 1-) included the elements of Plan 22 with the
),, - L t', ',:er along the Inside of the east breakwater.

I'! i I fttt 14) invoLved the elements of Plan 23 with a
lv -I L-i,', WCest spur and a 150-ft-long east spur installed.
lis,-, e't ,1e .Va'-ion 0 the se spur breakwaters was +8.5 ft.

I'l, sis (llaLe 15) conslisted of the elements of Plan 23 with
Sleo-f, t- long para llel breakwater extensions of the east and west

" reaswatcrs. These extensions were parallel to the entrance

,aannul and installed with a crest elevation of +13 ft. The
T8U-ft-long dock absorber also was reinstalled.

z. Plan 26 (Plate 16) consisted of the elements of Plan 12 but the

I 300-ft-long west breakwater extension was reduced to 250 ft in
length.

aa. Plan 27 (Plate 16) involved the elements of Plan 26 but the
123-ft-long shoreward extension of the east breakwater was re-
du ced to 100 ft in length.

hb. Plan 28 (Plate 17) included the elements of Plan 27 but the
CLIrved 250-ft-long west breakwater extension was replaced with
a 325-ft-long dogleg extension installed with a crest elevation
o +13 ft.

cC. Plan 29 (Plate 18) entailed the elements of Plan 27 but the
curved 250-ft-long west breakwater extension was replaced with

Ca 283-ft-long extension (el +13 ft) on a different alignment.
The lakeward cell of the cellular sheet-pile east breakwater
was removed.

dd. Plan 30 (Plate 19) consisted of the elements of Plan 29 but a
curved 270-ft-long west breakwater extension (el +13 ft) was

*installed on a different orientation and the two lakeward cells
ol Lile cellular sheet-pile east structure were removed.

SLan 31 (Plate 19) involved the elements of Plan 30 but the
rt (,levation of the 270-ft-long west breakwater extension was

t- duceUd from +13 ft to +11 ft.

It. Plan 32 (Platc 19) included the elements of Plan 31 but the
IOU-I -long shoreward extension of the east breakwater was ex-

ti dJd to 125 ft in length.

P lan 33 (Plate 19) entailed the elements of Plan 32 but the
,shorewtard exte'nsion of the cast breakwater was increased to
I t in i ngtl .

Piil!t 3'4 (Plstec 20) consisted of a 250-ft-long rubble-mound
-t,_a el nsion of the west breakwater (el +11 ft), a
, 1'- t-ls' rubble absorber (el +8 ft) along the inside of
Vy x::st ji west breakwater, and a 125-ft-long rubble-mound

'r-, e - tnsion of the east breakwater (el +8 ft).
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ii. Plan 35 (PlaLe 20) vntailcd theu e lcents of Plan 3- but the
250-ft-Long west breakwater extension was increased to 310 ft
in length.

j j. Plan 36 (Plate 20) involved the elements of Plan 35 but the
outer 60-ft-long section of the west breakwater extension was
oriented slightly lakeward.

kk. Plan 37 (Plate 21) included the elements of Plan 36 but the
125-ft-long extension of the east breakwater was increased to
150 ft in length.

l. Plan 38 (Plate 21) involved the elements of Plan 36 but the
125-ft-long extension of the east breakwater was increased to
175 ft in Length.

nm. Plan 39 (Plate 21) entailed the elements of Plan 36 but tl,
S125-ft-long extension of the east breakwater was increased to

200 ft in length.

nn. Plan 40 (Plate 22) consisted of the elements of Plan 34 with
a 200-ft-long extension of the east breakwater.

oo. Plan 41 (Plate 22) entailed the elements of Plan 34 with a
* 175-ft-long extension of the east breakwater.

ppp. Plan 42 (Plate 22) included the elements of Plan 34 with a
150-ft-long extension of the east breakwater.

q q. Plan 43 (Plate 23) consisted of the elements of Plan 42 with
an additional layer of stone placed on a 90-ft-long section
of the absorber at the lakeward end of the west breakwater.

rr. Plan 44 (Plate 23) involved the elements of Plan 43 but the
east breakwater extension was increased to 175 ft in length.

ss. Plan 45 (Plate 23) entailed the elements of Plan 44 but the
east breakwater extension was increased to 200 ft in length.

tt. Plan 46 (Plate 24) consisted of the elements of Plan 42 with
200 ft of the absorber adjacent to the west breakwater removed
from the shoreward end of the structure.

uu. Plan 47 (Plate 24) included the elements of Plan 42 with 400 ft
of the absorber adjacent to the west breakwater removed from

* the shoreward end of the structure.

vv. Plan 48 (Plate 25) consisted of the elements of Plan 42 with
the vertical-walled city dock removed.

WW. Plan 49 (Plate 25) encompassed the elements of Plan 48 but the
150-ft-long east breakwater extension was reduced to 100 ft in

* • lengtim.

xx. Plan 50 (Plate 25) involved the elements of Pl an 48 but the
150-ft-long east breakwater extension was reduced to 50 ft
in length.

Yy" Plan 51 (Plate 26) entailed the elements of Plan 48 but the
* 150-ft-long cast breakwater extension was removed.

23
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zz. Plan 52 (Plate 26) consisted of the elements of Plan 51 but

the 250-ft-long west breakwater extension was reduced to

225 ft in length.

aaa. Plan 53 (Plate 26) included the elements of Plan 51 but the

250-ft-long west breakwater extension was reduced to 200 ft
in length.

bbb. Plan 54 (Plate 26) encompassed the elements of Plan 51 but the
250-ft-long west breakwater extension was reduced to 175 ft in

length.

ccc. Plan 55 (Plate 26) involved the elements of Plan 51 but the

250-ft-long west breakwater extension was reduced to 150 ft

in length.

ddd. Plan 56 (Plate 27) included the elements of Plan 55 but a

C total of 400 ft of the absorber adjacent the west breakwater

was removed. Four 100-ft-long sections were removed resulting

in a segmented absorber.

ece. Plan 57 (Plate 27) consisted of the elements of Plan 55 but the

150-ft-long west breakwater extension was increased to 225 ft
in length.

fff. Plan 58 (Plate 28) encompassed the elements of Plan 42 (the
vertical-faced city dock installed) but four 100-ft-long sec-

tions of the west breakwater absorber were removed resulting

in a segmented structure.

Ia Wave-height tests

26. Wave-height tests were conducted for the various improvement plans

using test waves from one or more of tie test directions listed in paragraph 20.

Tests involving certain proposed improvement plans v re limited to the most

critical direction of wave approach (i.e., west, northeast). However, the op-

timum test plan was tested comprehensively for test waves from all test direc-

tions. Wave gage locations for each improvement plan are shown in Plates 3-28.

Videotape

27. Videotape footage of the Barcelona Harlor Model was SLcllr'd for ex-

isting conditions (Base Test 2) and Plan 42 showing the basin under attack

by storm waves approaching from the north test direction. illis footag;e was

forwarded to NCB for use in bric ings, publ I i e Trttinj , etc

0

base Test Res uLs

26. Results of wave-hihLt tes;ts olduc td r 1,is lest I die pi esentvd

in Table 3. Maximum wave ie ighLs obtanmed during; bi uxl;ills', 12.6 t

in the entrance (gage 2) ,fr 7.3-s;ec, L .tt test Wlvc, Irn nt; I.7 IL ill

f-
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the mooring area (gage 4) for 7 .5-seL, .,-1 i tea.t waves Irom north; 3.5 ft

in the inner harbor (gage 9) for 0.9-s.c, .9-1 Lt Lest waves from north; and

5.3 ft adjacent to the proposed City dock locItion (gage 12) for 9.9-sec,

6.2-ft test waves from west. The 2.0-ti wave-height criterion in the mooring

area (gages 4-8) was exceeded for test waves from all test directions. Visual

observations revealed wave energy entering the harbor from the entrance,

through the gap shoreward of the east breakwater, and by overtopping of both

the east and west breakwaters. Typical wave patterns for Base Test 1 are

shown in Photos 1-23.

29. Design wave-height information was obtained along the center lines

of the proposed improvement structures for Base Test I for the alternate gage

locations shown in Plate 1. These data are presented in Table 4. Maximum

wave heights were 13.1 ft inmmediately lakeward of the entrance (gage 3A) for

7.5-see, 9.6-ft test waves from north; 7.3 ft shoreward of the east breakwater

* (gage IA) for 7.7-sec, 7.9-ft test waves from west; 8.8 ft along the harbor

side of the west breakwater (gage 4A) for 6.9-sec, 5.8-ft test waves from

northeast; and 11.2 ft along the harbor side of the east breakwater (gage 5A)

for 9.9-sec, 13.9-ft, and 10.1-sec, 14.7-ft test waves from west.

30. Wave-height measurements secured for Base Test 2 for test waves

from the various directions are presented in Table 5. Maximum wave heights

obtained during boating season were 12.4 ft in the entrance (gage 2) for

7.5-see, 9.6-ft test waves from north; 4.7 ft in the mooring area (gage 4) for

* O7.5-sec, 9.6-ft test waves from north; 4.6 ft in the inner harbor (gage 9) for

7.5-sec, 9.b-ft test waves from north; and 6.6 ft adjacent to the city dock

(gage 12) for 9.9-see, 13.9-ft test waves from west. Wave conditions through-

out the entire harbor, in general, increased as a result of the installation

* of tic vertical-faced city dock. Typical wave patterns for Base Test 2 are

siown in Photos 24-47.

Improvement Plan Results

31. In evaluating test results, the relative merits of various plans

were .ao.J o an analy sis ofi measured wave heights in the mooring area. Model

wvliei guts (signilicant wave height of 111/3) were tabulated to show measured

4v,1llues at se I Cc ted locat ions.
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Plans 1-12 (test waves from northeast)

32. Wave heights obtained for Plans 1-5 for representative test waves

from northeast are presented in Table 6. Maximum wave heights in the mooring

area were 5.2, 4.5, 3.2, 3.2, and 2.8 ft for Plans 1-5, respectively. 'The

2.0-ft wave-height criterion was not satisfied for any of these improvement

plans. The installation of absorber along the city dock (Plan 1) and the

shoreward extension of the east breakwater (Plan 2) damped or prevented most

* wave energy from entering the harbor in the gap between the city dock and the

shoreward end of the east structure. Test results and visual observations in-

. dicated a significant amount of wave energy entering the harbor through the

entrance. The installation of the absorbers of Plans 3-5 reduced wave activity

in the harbor but still did not meet the specified wave-height criterion. Wave

pattern photographs obtained for Plans 1-5 are shown in Photos 48-52.

33. Results of wave-height measurements secured for Plans 6-12 for test

4 waves from northeast are presented in Table 7. Maximum wave heights obtained

in the mooring area were 0.9, 1.0, 1.6, 2.4, 2.2, 2.0, and 1.6 ft for Plans 6-

12, respectively. Only Plans 9 and 10 exceeded the established 2.0-ft wave-

height criterion. The west breakwater extension of Plan 6 significantly re-

duced wave heights in the harbor (less than I ft in the mooring area). The

removal of the head absorber (Plan 7) and the shoreward extension (Plan 8) of

the east breakwater resulted in wave heights that were still within the cri-

terion. Further removal of the city dock absorber (Plan 9) or a portion of the

6west breakwater absorber (Plan 10), however, resulted in wave heights exceeding

the criterion in the mooring area. With the city dock absorber removed

(Plan 9), incremental shoreward extensions of the east breakwater reduced wave

heights to an acceptable level. Test results for waves from northeast indi-

14 cated that the city dock absorber without the shoreward extension of the east

breakwater (Plan 8) would yield similar wave conditions in the mooring area as

a 125-ft-long east breakwater shoreward extension without the city dock absorber

(Plan 12). Both Plans 8 and 12 resulted in a maximum wave height in the moor-

4 ing area of 1.6 ft. Wave pattern photographs obtained for Plans 6-12 for test

waves from northeast are shown in Photos 53-59.

34. Wave-height tests were conducted for Plans 8, 9, and 12 for test

waves from an unrefracted northeast direction (45-deg azimuth). This repre-

* sents waves that may approach from a more easterly direction than refracted

northeast and results in wave energy that could potentially enter the harbor
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"shoreward of tih, east breakwater. Results of these tests are shown in Table 8.

>kiaimiii wave he ighLs in the mooring area were 1.8, 2. 3, and 1.8 ft for Plans 8,

1), and 12, respectie lv. lh improvement plan configuration without the city

dock absorber or the shoreward east breakwater extension (Plan 9) resulted in

wave lilights excee ding tGe criterion in the mooring area. The installation of

eitlier the c itv dock ab~sorber (P lan 9) or the 125-f t-long east breakwater ex-

tension (Plan 12) resulted in maximum wave heights of 1.8 ft in the mooring

area.

Plans 12-20 (Ltest waves from west)

3A. ksu I Lts of wave-height measurements with Plans 12-16 installed for

representative test waves from west are presented in Table 9. Maximum wave

heights obtained in the mooring Are 1.4, 1.3, 2.4, 1.9, and 2.0 ft for Plans

12-16, respectively. The improvement plan configuration without a parapet wall

(Plan 12) yielded maximum wave heights in the mooring area of 2.4 ft for summer

wave conditions with a 20-year recurrence interval and a +6.5 ft swl. The in-

stallation of the '-ft-high parapet along the entire west structure (Plan 13)

reduced maximum wave heights in the mooring area to 1.3 ft. The installation

of the parapet wall only on the existing +9 ft elevation shoreward portion of

j west breakwater, however, resulted in maximum wave heights of 2.4 ft in the

mooring area. To reduce wave heights to a maximum of 2 ft in the mooring area

for test waves from west, a 180-ft-long parapet wall installed on the +11 ft

elevation shoreward portion of the west breakwater was required. This parapet

* could be installed on the harbor side (Plan 15) or the lakeward site (Plan 16)

of the structure. Typical wave patterns for Plans 12-16 for test waves from

west are shown in Photos 60-64.

36. Wave-height data for Plans 17-20 are presented in Table 10 for

representative test waves from west. Maximum wave heights were 2.4, 2.7, 2.2,

and 2.0 ft in the mooring area for Plans 17-20, respectively. When the east

shoreward extension was removed and the city dock absorber installed (Plan 17),

maX:iLlum wave heights in the mooring area increased to 2.4 ft. The removal of

the 180-ft-iong parapet (Plan 18) further increased maximum wave heights to

2.7 ft. Reinstallation of the east breakwater extension (Plan 19) reduced max-

imum wave heights to 2.2 ft, and reinstallation of the 180-ft-long parapet

(Plan 20) further reduced maximum wave heights in the mooring area to 2.0 ft.

These tests indicate that the installation of the absorber on the city dock had

little effect on wave heights in the mooring area for waves from this direction.
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Wave pattern photographs for representative test waves from west for Plans 17-

20 are shown in Photos 65-68.

Plan 12 (test waves from all directions)

37. Wave-height tests were conducted for Plan 12 for test waves from

all directions and results are presented in Table 11. Prior to these tests,

wave gages 1, 2, 11, and 12 were moved to new locations as shown in Plate 8.

Maximum wave heights obtained were 8.6 ft in the entrance (gage 1) for 7.5-sec,

9.6-ft test waves from north; 2.4 ft in the mooring area (gage 5) for 7.7-sec,

7.9-ft test waves from west; 1.7 ft in the inner harbor (gage 9) for 7.7-sec,

7.9-ft waves from northeast; and 4.0 ft adjacent to the city dock (gage 12)

for 6.4-sec, 5-ft waves from northeast for waves occurring during boating sea-

son. The established wave-height criterion was exceeded only by summer wave

conditions with a 20-year recurrence interval and a +6.5 swl.

Plans 21-25 (test waves from north)
38. Wave heights obtained for Plans 21-25 for representative test waves

from north are presented in Table 12. Maximum wave heights in the mooring

area were 1.1, 3.6, 3.2, 3.4, and 1.2 ft, respectively, for Plans 21-25. The

lakeward breakwater extensions of Plans 21 and 25 provided relatively calm

conditions not only in the mooring area but in the entire harbor. Neither the

|- breakwater absorbers (Plans 22 and 23) nor the breakwater spurs (Plan 24) with-

" out lakeward extensions were effective in reducing wave heights in the mooring

*" area to desired levels. Typical wave patterns for Plans 21-25 for represen-

tative test waves from north are shown in Photos 69-73.

Plans 26-31 (test waves from northeast)

39. Wave-height test results for Plans 26-31 for representative test

waves from northeast are presented in Table 13. Maximum wave heights in the
I

r mooring area were 2.0, 2.1, 2.2, 2.1, 1.7, and 2.0 ft for Plans 26-31, respec-

" - tively. Reduction of the west breakwater extension by 50 ft in length

(Plan 26) resulted in wave heights within the established criterion, but fur-

ther reduction of the east breakwater shoreward extension by 25 ft in length
4

(Plan 27) resulted in wave heights that exceeded the criterion by 0.1 ft. At

this point, it was determined by NCB that the entrance width of most of the

various test plans was too narrow; therefore the next series of the test plans

involved breakwater configurations that included wider entrances. The 325-ft-
4

long and 285-ft-long west breakwater extensions of Plans 28 and 29, respec-

tively, resulted in wave heights that only slightly exceeded the specified
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criterion, while the 270-ft-Long west extension orientation of Plan 30 produced

wave heights well within the established criterion. A reduction of the break-

water extension crest elevation from +13 ft to +11 ft (Plan 31) resulted in

wave heights still within the criterion. Typical wave patterns for Plans 26-31

for test waves from northeast are shown in P' utos 74-79.

Plans 31-33 (test waves

from unrefracted northe:ast)

40. Wave-height data for Plans 31-33 for test waves from the unrefracted

r. northeast direction (45 deg) are presented in Table 14. Maximum wave heights

obtained in the mooring area were 2.3, 2.2, and 2.2 ft, respectively, for

A Plans 31-33. Slight increases of the cast breakwater shoreward extension

(Plans 32 and 33) had little effect on wave heights in the mooring area, and

it appeared that significant wave energy was approaching through the entrance.

Wave pattern photographs obtained for Plans 31-33 for test waves from the un-

refracted northeast direction are shown in Photos 80-82.

Plan 34 (test waves from all directions)

41. Results of wave-height tests for Plan 34 for representative test

waves from all directions are presented in Table 15. Maximum wave heights

obtained for boating season conditions were 8.8 ft in the entrance (gage 1);

2.5 ft in the mooring area (gage 6); 1.3 ft in the inner harbor (gage 9) all

for 6.7-sec, 5.7-ft test waves from the unrefracted northeast direction; and

3.5 ft adjacent to the city dock (gage 12) for 7.5-see, 9.6-ft test waves from

north. The 2-ft wave-height criterion in the mooring area was exceeded by

7.7-sec, 7.9-ft test waves from west with a +6.5 ft swl and 6.7-sec, 5.7-ft

test waves from unrefracted northeast with a +3.0 ft swl. These test waves

from west exceeded the criterion by 0.3 ft and represented summer wave condi-

tions with a 20-year recurrence interval while test waves from the unrefracted

northeast direction exceeded the criterion by 0.5 ft and represented fall wave

conditions with a 20-year recurrence interval.

Plans 34-45 (test waves
from unrefracted northeast)

42. Wave-height test results for Plans 34-45 for test waves from the

unrefracted northeast direction are presented in Table 16. Maximum wave

heights in the mooring area were 2.5, 1.6, 2.2, 2.2, 2.1, 1.4, 2.0, 2.0, 2.2,

2.2, 1.9, and 1.8 ft, respectively, for Plans 34-45. The curved 60-ft west

extension of Plan 35 reduced wave heights to well within the established
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criterion; however, it also decreased the entrance opening which could pos-

sibly interfere with navigation. The 60-ft extension oriented more lakeward

(Plan 36) resulted in wave heights 0.2 ft in excess of the criterion. The

200-ft-long shoreward extension of the east breakwater along with the 60-ft-

long west extension (Plan 39) reduced wave heights in the mooring area to

I.- t ( (well within the criterion). The removal of the 60-ft-long west exten-

sion (PLan 40) resulted in 2.0-ft wave heights in the mooring area. Reduc-

Lionls in length of the shoreward extension (Plans 41 and 42) indicated that

the 175-ft-Lon, east breakwater extension of Plan 41 also would result in wave

lieights in the mooring area (2.0 ft) within the criterion. The 150-ft-long

a cast extension of P'lan 42 resulted in wave heights that exceeded the criterion

by 0J.2 ft for wave conditions occurring in the fall with a 20-year recurrence

interval. fesL results for the additional layer of absorber on the west break-

water and the various east breakwater extension lengths of Plans 43-45 revealed

that wave heights in the mooring area would be reduced slightly, but a 175-ft

east breakwater extension (Plan 44) would still be required to satisfy the

criterion. Typical wave patterns for Plans 34-45 for representative test

waves from the unrefracted northeast direction are shown in Photos 83-94.

Al ter evaluation of the plans tested thus far, considering wave protection and

construction costs, Plan 42 was selected for additional testing.

Plan 42 (test waves from all directions)

43. Results of wave-height tests for Plan 42 from all directions are

presented in Table 17. Maximum wave heights obtained were 8.5 ft in the en-

trance (gage 1) for 6.7-sec, 5.7-ft test waves from the unrefracted northeast

direction; 2.3 ft in the mooring area (gage 5) for 7.7-sec, 7.9-ft test waves

from west, 1.3 ft in the inner harbor (gage 9) for 9.9-sec, 13.9-ft test waves

from west and 7.5-see, 9.6-ft test waves from north; and 4.8 ft adjacent to

the city dock (gage 12) for 6.4-sec, 5.0-ft test waves from northeast for waves

occurring during boating season. Considering all the boating season wave con-

ditions, tile wave-height criterion for Plan 42 was exceeded by 0.3 ft for
20-year waves from west for summer conditions and by 0.2 ft for 20-year waves

from tile unrefracted northeast direction for fail conditions. Considering

construction costs, adu ol iavigation, and wave protection provided, Plan 42

appeared to b tLle optimum im:,provement plan. Typical wave patterns for Plan 42

are SilOwn ill Photos 93-108.
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Plans 46 and 47 (test waves

from west and unrefracted northeast)

4 44. Wave-height test results for Plans 46 and .1 art [r stlU in

Tables 18 and 19 for the west and unrefracted northcat dirtL io,;n. i 1xi:nI"!

wave heights in the mooring area for Plans 46 and 47, resIp ctiVU , wr 2.-

and 2.7 ft for test waves from west; and 2.3 and 2.4 ft for test waves fron

the unrefracted northeast direction. The incrementaL removal of the absorber

adjacent to the west breakwater (Plans 46 and 47) resulted in onlv a sialL in-

crease of wave heights in the mooring area for test waves from the unref-r;Icted

northeast direction; however, test waves from west overtopping ihe wet break-

water resulted in larger increases of wave heights in the mooring area. Wave

energy associated with waves _ertopping the west breakwater was not dissipated

in areas where the absorber was removed. Wave pattern photographs obtained for

Plans 46 and 47 are shown in Photos 109-112 for the west and unrefracted north-

* east directions.

Plans 48-51 (test waves

from unrefracted northeast)

45. Results of wave-height tests for Plans 48-51 for test waves from the

unrefracted northeast direction are presented in Table 20. Maximum wave

heights obtained in the mooring area were 1.5, 1.6, 1.6, and 1.7 ft for Plans

48-51, respectively. The wave-height criterion was met for all these test

plans. These tests indicated that with the vertical-walled city dock removed

from the harbor, shoreward extensions of the east breakwater would not be

necessary for test waves from the unrefracted northeast direction. Typical

wave patterns for Plans 48-51 for waves from the unrefracted northeast direc-

tion are shown in Photos 113-116.

0 Plans 51-55 (test waves from north)

46. Wave-height measurements obtained for Plans 51-55 for test waves

from north are presented in Table 21. Maximum wave heights in the mooring

area were 1.6, 1.6, 1.6, 1.7, and 1.9 ft for Plans 51-55, respectively'. All

these plans resulted in wave heights within the 2.0-ft criterion in Lhie IT0r-

ing area. Wave patterns for Plans 51-55 for test waves from north are shown

in Photos 117-121.

Ulans 55 and 56 (test waves
from unrefracted northeast)

47. Wave heights for Plans 55 and 56 are presented in Table 22 lor test
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C. t.,1o:: tre rcted northeast direction, Maximum wave lie ights were 2. 1 and

e, C,_pectlvcly, in the mooring area for Plans 55 and 56. The removal of

Ionir LUJ-ft-long sections oi tiLe absorbcr adjacent to the west breakwater

S, )Lppe ird to have an insignificant impaI)Ict onl wave heights in the moor-

Si: ,rea. Wave patterns obtained for Plans 55 and 56 for test waves from the

ir rae ted inortheast direction are shown in Photos 122 and 123.

it insI-A-33, )3, and 56
w . i aves f rom northeast)

48. Results of wave-height tests for Plans 51-53 and Plans 55 and 56

1 rI test WaVL'S IrIm llnothetcast are presented in Table 23. Maximum wave heights

jiitained in thc mooring area were 2.0, 2.0, 2.1, 2.7, and 2.6 ft, respectively,

iur Plans 51, 32, 53, 55, and 56. Both tile 250- and 225-ft-long west break-

watLLr extensions of Plans 51 and 52 resulted in wave heights within the 2.0-ft

crLterLon. The segmented west breakwater absorber plan (Plan 56) reduced wave

liwLilts in the mooring area by 0.1 ft as opposed to the plan with the contin-

1 ()us absorber (Plan 55). Typical wave patterns for Plans 51-53, 55, and 56

i,,r test waves from northeast are shown in Photos 124-128.

Plans 52 and 57 (test waves from west)

49. Wave heights with Plans 52 and 57 installed for test waves from

* wLst arc presented in Table 24. Maximum wave heights in the mooring area were

* - 2.1 and 2.2 ft for Plans 52 and 57, respectively. The removal of the four

IOU-ft-long sections of the west breakwater absorber (Plan 57) resulted in

[ waive heights in the mooring area increasing by 0.1 ft. Wave patterns obtained

tor Iltins 52 and 57 for test waves from west are shown in Photos 129 and 130.

Plan 38 (test waves from west, north,
i- ,rtiyast , and unre I rac ted northeast)

.N. Results of wave-height tests for Plan 58 are presented in Table 25.

a:-ii:um wawe heights in the mooring area were 2.2, 1.6, 2.0, and 2.2 ft for

"'1,-,,'.r waves from the west, north, northeast, and unrefracted northeast test

I ir t ions, respective, l'' . icst results indicated that the segmented west

it .ikt, r ibs,)rter of Plan 58 y ielded similar values in the mooring area as

LictI t'ons west hreatkwater absorber of Plan 42. Wave patterns obtained

ior Mlan JS art shiown in Pthotos 131-134.
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PART V CONCILSI ON

51. Based onl the rce>,ul ts ot the hYvdaoI ic modeIL I i HV~t igati ioul

hec.re in (wi th mnochirOlma t i C waVe coI ILIi IL i ois) , t wa W, oi.- I Lc L:

a . Fur c.XiLSting cond itLion[S, W itho lu t til I 'V,'rft JI a-W, I Ldct o
(Bae lS s t I),'-S ro)ugh a nd tu Ir buIIL, n t wy uic v iii e-.K:iscc ill

tile harbor during peCriods oi storm wave at LatcK,. "N"!v, Iv I L

e:XCee!ding 3.0 1 L inl the m~ooring area And i111A 11hf 01 Iao 0' *v%

eral test waves occurred during boat jug season .

b . Ins taila tion of the vertical-wailled c i Lv\ dock ( BaSe 'I c-,t L)
in general, incrkzased wave heights in the hairb~or w ih v.alues'

exceeding 4.0 ft in the mooring area anld inne-r harbor ior sv
eral. test Waves occurring during boating Season1.

C. For existing conditions (Base Test 1 and Base Test 2), cxces-

sive energy entered the harbor through the navigationi entrance,
through the opening between the east breakwater and the shore,
and due to overtopping of the existing breakwaters.

d. Initial wave-height measurements (Plans 1-6) indicated that aib-
* sorbers inside the hiarbor and shoreward extensions of the vast

breakwater would not reduce wave heights in the harbor to ac-
ceptable levels, and that a breakwater extension at tile entrance-
(Plan 6) would be required to prevent energy from entering tuek

harbor.

e . With the original west breakwater extension and absorber ot1
Plan 6, test results indicated that the city dock absorber
(Plan 8) or a 125-ft-long shoreward east breakwater extension

(Plan 12) , would yield similar wave conditions in1 the Mooring
area.

f. Of the improvement plans tested with the initial west jetty ex-
tension (Plans 6-21), Plan 12 (300-ft-long lakeward west break-

water extension, west breakwater absorber, and 125-ft-long
shuoreward east breakwater extension) appeared to be optimum
with respect to wave protection and costs; however, tue entrance
would be somewhat restricted.

* g. For the Plan 12 harbor conlIiguration, the 2.0-1ft wave-lie iglit

criterion in the moor ing area will be exceeded by 0.4 ft, for7

Summer wave conditions from west with a 20-year re2currenIc in-

terval . A 180-f t-long parapet wail installed on tLhe west h~ ~
water (Plan 15 or 16) will reduce waive heights to 2.0 ft for-
tilieSe- inc ident wave condi tions.

6 ., .i he jstul Ilit Luot breakwater Spurs, inide_ tuebrakatr

(PIan[ 24) as an aIi ILte!rnatLe toL I a kewa rd b rea kwatek2r ex tensi ons,
II Wo reduc wave he,,I igL' s 112 n1 t he L mooring area to acceptablkI

haL vi- oxen i In Lh tuest. and west. hre-akwaters (P tian 2.)

U iii vil 1I*V1 pritt(ion inlLL ti;1 ulriu Ire. i;

i~i S , 11:illiiii~i eliliS it ii~i et 1111>, xktei th
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length required for a curved west extension, resulting in a more
costly structure.

j. The crest elevation of the west breakwater extension can be re-
duced from +13 ft to +11 ft (Plan 31) and still provide adequate
wave protection in the mooring area.

k. Of the improvement plans tested with a west jetty extension
oriented to provide a wider entrance, Plan 42 (250-ft-long lake-
ward west breakwater extension, west breakwater absorber, and
150-ft-long shoreward east breakwater extension) appeared to
be optimum with respect to wave protection, ease of navigation,
and construction costs.

1. For the Plan 42 harbor configuration, the 2.0-ft wave-height
criterion in the mooring area will be exceeded by 0.3 ft for
summer wave conditions from west with a 20-year recurrence inter-
val and 0.2 ft for fall wave conditions from the unrefracted
northeast direction with a 20-year recurrence interval. To re-
duce wave heights to 2.0 ft in the mooring area, a 180-ft-long
parapet wall installed on the west breakwater (Plan 15 or 16) is
required for test waves from west; and a 25-ft-long shoreward
extension of the east breakwater (Plan 41) is required for test
waves from the unrefracted northeast direction.

m . The absorber installed adjacent to the west breakwater not only
damps wave energy entering through the harbor openings, but
also dissipates wave energy entering the harbor due to over-
topping of the west breakwater. The removal of four 100-ft
sections of this absorber (Plan 58), however, will have an
insignificant impact on wave heights in the mooring area.

n. With the vertical-walled city dock removed from the harbor, the
150-ft-long shoreward extension of the east breakwater (Plan 42)

can be removed without sacrificing wave protection in the
mooring area.

52. Based on the results of the spectral wave tests (detailed in Appen-

dix B) , it was concluded that:

a. For the optimum improvement plan (Plan 58), wave heights in the
mooring area were well within the established wave-height cri-

0 teron for the spectral wave conditions tested.

). A c'omparison of monochromatic and spectral wave conditions indi-
cated that monochromatic waves resulted in slightly larger wave
liights throughiout the harbor, and monochromatic wave test re-
sil t :lR' bh considered slight ly conservative.

C" )
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"V, I i iL S- t r . I Ap j) rlod Ang ls and Seasons

Wave lie ightt
iyLC I C rce Ang Le CLass Angle Class Angle Class

n tcrval, Car 1 2 3

~Winter

9 4.9 9.2 12.5

10 o.6 10.5 13. 1
2) 8.2 11.5 14.1
50 1U;.5 13. 1 15.1

1 1h) 12. 1 14.4 15.7

Spring

3.6 3.3 7.2
lv 3.9 4.3 8.5

.iv 4.3 9.6 9.5

S.9 6.9 11 .2
1 )) .28.2 12. 5

S u rimu r

9 3 . 4.9 6.9
I ' 4.3 5.9 7.5
2'.) ). i6.6 8.2

1 .7.2 8.9

1<' 9.2 7.5 9.2

L a.i 8.9 12.1
I t) i. 9.8 12.8

20 7.0 10.8 13.4

3)I ,.3 12.1 14.4

10I) 9,2 13.1 15.4

,-

" I ~



'Table 2

Significant Period by Angle Class 2nd Wave Height

Significa.nt Period, sec
Wave Height Angle Class Angle Class Angle Class

ft 1 2 3

1 2.3 2.2 2.6
2 3.6 3.5 3.9
3 4.5 4.4 4.9

4 5.2 5.1 5.7

5 5.8 5.7 6.3

6 6.1 6.0 6.7
7 6,4 6.3 7.1
8 6.8 6.6 7.5
9 7.1 6.9 7.9

10 7.4 7.2 8.4

11 7.7 7.5 8.8
12 8.0 7.8 9.2

13 8.4 8.1 9.6

14 8.7 8.4 10.0
15 9.0 8.7 10.4

16 9.3 9.0 10.8

17 9.6 9.3 11.2

18 10.0 9.6 11.6
19 10.3 9.9 12.0

20 10.6 10.2 12.5

21 10.9 10.5 12.9

22 11.2 10.8 13.3
23 11.6 11.1 13.7
24 11.9 11.4 14.1
25 12.2 11.7 14.5
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Table 4

Wave Heights at Various Locations Along Center Lines

of Proposed Structures for Base Test 1

Test Wave Wave Height, ft (Structures Not in Place)

Period Height Gage Gage Gage Gage Gage Gage Gage Gage Gage Gage

Direction sec ft IA 2A 3A 4A 5A 6A 7A 8A 9A IOA

U+5.5 ft swl

- West 9.9 13.9 10.2 11.8 10.8 6.3 11.2 4.6 8.9 4.1 6.8 4.1

+6.5 ft swi

1 7.7 7.9 9.8 12.9 9.3 5.3 9.7 4.8 8.7 4.5 8.0 7.3

10.1 14.7 10.9 10.9 10.9 5.5 11.2 5.1 8.0 3.7 8.0 5.6

+4.0 ft swl

Northwest 7.5 9.9 8.2 10.2 7.0 5.1 9.6 3.3 6.4 3.3 4.6 4.7

+5.0 ft swl

6.2 6.3 8.5 8.5 10.4 3.5 9.4 2.6 6.8 3.4 4.1 3.2

7.8 10.5 8.7 12.1 9.2 5.0 10.0 4.2 8.1 3.7 6.0 5.3

+4.0 ft swl

North 7.5 9.6 11.5 11.4 13.1 6.6 8.7 5.8 5.5 6.6 4.7 3.4

+5.0 ft swl

6.2 6.1 6.9 7.4 6.3 3.7 6.4 3.7 5.5 4.7 4.6 4.7

7.8 10.2 10.0 10.3 9.7 6.2 9.7 5.6 7.9 5.4 5.2 5.5

+3.0 ft swl

Northeast 6.7 5.7 8.8 97 8.5 6.0 3.9 6.3 2.5 3.6 1.2 3.6

+4.0 ft swl

3.9 4.0 5.9 5.0 5.8 7.0 3.6 6.9 2.9 5.5 3.1 5.4

6.9 5.8 9.3 11.7 8.5 8.8 5.3 6.2 2.5 3.6 2.1 6.1



-4 cL)c l'T o r

0 0

L)_rL)C4I r N Lr r o4-

CclJ

0 CC'i.N N

0 '.41.1

0 NN-4-4' ~ -

m CCJ4~ -40N- (14(

4-1

to fN N14- 0 N C'-4 -4N

4-Jo

Zn 1- 0 C1 .- C"
C14 0~ l -LnL)C47

cn 0

1-4 C) C1 C14 * n I' C* -- t * l * Y cn C4 *l -4 *

cn cn- -- 4-n 4--'

CCi __4 '..4-

toCCzr C' 0 L/ N C '.0 N-4 ( Cr W _-r IN
> + ++

4-1 --

C) --- 4L'i ~ tff'.0-~ --4t

4~4 4.J * * **

-4~



C') CLCLI C1 -- Co ccn IT c

0Ct44

C.) QC' ) CA Cn( L)c ( n -C) A

cn ( r ~r Cl CI .0 n Q) o-l c

CCl

C) C')

CN-4 -4e'NuN

0i '~rC C,0 u c c U: l
Nn .n .- n.I -

4- eJC' -44 )Lej' 44---C'--

0I 0--~ 0~'nOC --. l ~ r

00

C.) CC C) - C14 0 ~LtC' L)cn

0 C.o ON4 ONCJe c' C:) LI-ZC - NC14 t -4 rI-- j

Cfl CC) C

o - ~ rr- - -T co Lr) 0,T-n ~ - r--c L**J 1 'T 00

C C
It ~ Cl ) r- (O 7'U C r

-4 -4f *r 0 r r r) r n 1 .

4 $C)C' .1C.



40

4-1--

t4-44C
041

0L

00

.0

a)1' -r) OC'



-4zr ZZ r -rcI rLr- co- cn0 oZ0 n

~~~C rCir Ncc- zoz-

0',Z - r- -1 r- U CZn -0- CON c - -4

C -- --4 4n - 4 n -11 IN C - 4 1 -44 CI C1 '

I C Go4 -'0Z Zn-- N-4N ~ :.
S-4-- tot-4 N -- N -- N

t4~ 00~- -40- -n- COq N4 N

z
> .,4-) )C r r r )0

D: 1--11 N~ -- 4- I'l -4 Cr- -4 0C -4L '. -4 4-

nN~ NNN N-4N --r T I I c 14 'n -4 NC4 N Nq

~J4-1 4-1
-C 0 0' 4 -T-,TC C nNCA C C7'-O (4-4 t N

L~LP

m+ +
C.Ij" N-ztOc~ r- 004' -. c n cn r-Ln~ 1 c- O n -.

14 1 14~Z '-4- -4-4 --- 4Z

4

0H
2Th -c~z r-zO~- r--c~o r-ca-~ -. ca~ -z

.r-c 00-c Lr- o o L) -4 N 10 C C3N Lf' )

1- -7!

41.
r 4 r) O -rr--D ONrr- 0 10 r-.. 'D4r- O r) -'DON



'000~'I 0" 4f.. N 4 O-r CC'I -4 'T() 00 -4r

C) L~.0 -c0 c-)cy - '0- Onc 1N N wl N~'

C)0 CO4" C C0' CO r 0- '0f

CD -40 -Z NN " NN In- C4 C C. 4 -4

-4 C400 0 - -4 -N 0 0 '- I0- N - -

C)~~C1 J-N~- COD -40" ('(U C1 ~ t 44 IT r'

5H .co - --4 C -4 -4 '-' 0a -4 '4 3( - - -

Q)4 l 44 ) 0

C)0 C00 00) C) - N- -- -4 -4 ~-4 CC '-4 - -4C
04n ' 4 -4 4-

C r CU() 3 r- Q-
C) ~ ~ L!h L~'0 4-4 0~C ('10 C -4 ')a) CU) 'Q) toN. t'

_r 0 0 00 -4- -4- E-4- + c r -1 -1 -4

~ : 44 0 MQ

>) ~ 0 0 -4 C-4 4J0 -- 4 ---1 -- Cq -4 N 4-1 w t

o

C)) t e *O .CY,0 N C O O a', 0 T L(oC -,t '0 -4~ ,T C1 I 14Q) L0 cO c

c; c; 000 0-4 NN -4N 1-4 (1' -N

~~~~~~Q Q)-' 4 4 4 C ) ~ ' ) irz c' cO

0 0 C) C-000CD0-NN -4 C D -4 4-1 (tU t -4 N 4

0" wU)

0~~ CO- u f

C W 4-4 (t '4 -4

4 cn r N -4 CC) (0C' Q- -

~-4 - 0

'4.4 C

>) -4 ~ 4C h-N ..04 14-4h-- .' - ) O 0

J) 0

'n ri"J' T, O 'N 4 N ' .C)C " C

Zfl.......................................................................14



)c--N -r -t'-z j -Z -ZN N

7,A 74 I - i --

-4 -41 NN 1 14 CN -

2)C 4---j C -F- - - <

%4-4

L14 C' L-c ~ ~~ - F. C -

mC 00 -4 CD - C -4 -
>

-4 --

414 4-
44 C C 'c-z a'- -zC- (0 u C - -- CO Lf c-

M) C ) CO C4 C4 C --4 -4 -4 -4 -- ) -4 -- 1 4

* ) r-4 c 00 - 4 -4 -4 00T 0 'C oC 0 -4 n -,

W) C Cr- --4 00 j - C4- C- 4 N-c-4 -4 -- 4 rn Cq (

- CC 0 --1 -- 4 N 4- -4= -4 -4 -4 -i

-4 ) 4 44 4 .

-)IC 4: ' - J -0F1 -r0 0C O '. C-4 Cn -- Cr C
-4-4



c T

r- C)-. - L- ) -j -L

-S > - - -cn~ f - n _ -

-- ~ ~ ~ ~ - - 1 ' '' '

c2~ 3N. 'N ON- Z) 01 c1

0- C C2- ' o-- U -a% 'N

N0 r- '0oN



-' - x- ~----'- '--~-.-.- * -m ~~rr~.'rm . - - - - - - -
* . . - . * * * *

0
7 N ifl

fl c-i -ct N - -~j- - -

5 - --

0 *.* .7'
- Cfl N - N -

222 1 -

712a 0

7-i-- c-nc----

c-ie
I I USc-> 7 ..

-~ -0--N

-l 000

- 0- N-ufl-h-

0 0 --- 00--

1:'

-~ 27? tfltfliflN

-- -0--N
'K 7 0~I0 - ONtO-Ic-C -m OTt

0c - of 1171! 7' .9
-i 'I -,

-t - r-tOcO -~ 7)OON.n -~ i--~'i-- .- 1

- 44 I t * * 2
-0-N * 0

C 71! 4!
-~ -171-to N--1-0 - Onto

1~ C

-~ I -Cc-Or -cro

N 0 z-~ ..o o r- .n r- -t -j -

1'~] cO-cj tiD~7~ -

I) -~r---'~N '> r~-~4 -n

- S *1--i -t -J~~- -

6

0

- -n N -z to -z -n c-- 0 0 -t

* C . ijN ---- - -i

- ~> ~>- ~-~~-- 0

-J

* *~1

0

I



-7-

00 30 ?r -

JD * 73

-- C

-_/ 00 iD 0

ZD -T:

CO -. ~ r- ~ ZO +o

00 1 1

_T0 0 00 0Z r

CO1



-70-

I c-n

c2o7 :0 0

71 0

I0



cCC 00 ~ Lr 00t h- TZC r- 'Z)

o i - ir~ -r-L ' n cJ u-) 00 in0 n fl C N

r- 00 cn -- - 00C 11) -- h-0

-0 -t N.0* fJ' -- ' 00 r- r- N -)

:, D -C-C o"N - N -00 00 r- -.T C

j0 C1C' -4 -4 0 - 4 O N N -4

I rn -1 4 h-4

00 .ID in r 0 3,Ol l

co _-r "I.) CI

-r r-~ 00 NN -4 -4N00

K-KL ONO N 1C r) h- -44- . -4 -

-1n inC il -T l



C ~C4 N N- CI N ~ N N N - 4 -

C 4 O14 e C 4 N C1 4 cli N C N

C ~ ~ ~ ~ ~ L CO 0 ~ -C 1 O j~N -

-- A cc 3, LN -C:r CAN cC -T 00
tZ

0

Ln4 4-i4

4 CCC I" C- ,

o-C -4 a' N C- r- 4 N Ln - CCC 0' t-- N

CC

:0 00 01 i



~. r'r -

U

~ ~ N

- -4 .4 N N

N N -4 N -~

'0 ~ct C~ N

~ N N

I,

~N 0 h'. N N

- N -~ '-4 -~

4 - N ~
-- 4- 00

P c-"' N ~ r--. ~"

00

-4

-:1- -1'

* . .

'4 ' 000 00

p ~ t4 -ct r'~ N
~-i: . .

I - - - -

4 N 0 a~ 0

N N N 0 '-4G -4

I ~ 4-)

- N -~ N '

0 0
2:

+ ~~0a

- 2"~ N f'~

-r

-~ - '0 '0 -~

* "~ I N N

0 0 r-~ -2t f~

* K-. 00

-4

I) . . .

0 0 0 '~ 4P~

0

N - N
-4) -4

0



-4 'n - 1 -- 4- 4I-4

N N: -4 -4N 4

N- --Z 4 C- 4

-4 -~ 4 -Ln

a) 004 3
tZ~

-4 -4-4 -4-4 -4-4 -

a) .,- -44 0

4-1 ID

-~Z '4 U~3-

34 -Z= 3 -- N

2 2~N ~ ~ 4 SA- 44

K~~ 0 04 4 4 44 444



0-4 C') N N NN- ~Z
0

0-4 N N N - -4 - - N N

4.jQ

00

. O C ' - - - rj O r

20 2z 2, 2 2 2 - -

O --4 O O ' ' r

C' -4,

o D CA CO a' 0 - - C) -D C7, fD 0, -4

40

a) c , -4 - r n 0

,T 0~ C) Nl 0n L4 0; 0C4ON

00 0r in r) 'r0loCo 00 00 D

a)~- -4 1- -4) -4) -4) 0r Lo -4) in4 -r r ( r

>

F-L a ' -4 o 10 0 o 10 10 -4 -

-T if) 0o r0 N0 -4' N N -4 -4 N CN -T -4

rL -4 -4 -4 - -4 N1 Nt -4 -4 - -4T



K~~ ~ 0 70N( V -

0D C4 'C14 N0'TC~ 0

00

0 0

CD CIA C14 C4.1 0 C C) ) 4 4 4 -

0 eN n C4 -. 1 0L)C411C

-4 CN
C13 0 N *l nC DC .

0 -4 -4 -0 -A (N 0 0DCD0

(V -4 - CJ c 0c L c

CDa 0D 004- 0 0 00C

l 0 -40141- 4 -4C-4 CD 0

_C:

-4 C Ci r-.a

0l 0-4eON 0 0

a) niV (fl U) Cfl 0sT Cl C -- I (n 00 r- o oi

-I ~ ~ 44 4-4 4C" '4-4 L"0NC JtI 04

41)

H~1 -4 0 fCg
Lfl 10 . .I . . Clr u

rz + C + -44C'4 + -- 1C'JC-4 q 0D + 0 )0

cnil C11 0-~ -~LC1.c -zi-C

0 4-cl 0 -4001

Ci C Lla\ OO -: -4 C1
NC' 00 mII~ \.Ocn -00-t

.0

Ln 01 01% 10 r

-4tl-4 l0-

04

0 l4C



r, r- 00 z - r-- -

cl -4 0 C CIA C11 N cN--n4 ~
L-'

0

0 c-. Cor.r zU )N

CD 0 00 n f- l

0~~~ ~ r C'A1 -4C 03i-or -

* _: . . . .

003 c--C-T r- 4 0

T D00 303

rn -34

0 r)N r),~3Na- 3

- r\ 'P- -'3 ~ - -



0 r- j' (D I

4-i

~1- -J- 00v I -

0-00

>I-

_1 00i <t

C) C) C- 0 C1

L.)-jC" 0 o. 0 00

999 ~ ~ C C!9. 9-

TP T

0-- 97 -rr- ~ C' ',(1

71-
+ +)



cjc!

b0 Mt 0

-4-

>

r co 0

>~- -44

-4 -d (D

7 4-1~

:3 3

4 -- 4 
- 4w

ca1 0

V) 
m

2 -4

.0 0) U'*~ ~ 4 r- ci.0

F- ON E-4 i

_2 P40



-Il -n -n cn - -1-4 C

CI C, I M-ONC

1--

1-001 . . . 'n
CC 0

4-

C-4 -

-. 0 1 L"lC ~ 1 -C-

C - - 4

5.~c - 5

0T '.0 Z-C )DN P4 -t ~ C-

x x x 0



!~nc0 I

t- to 0 o

00o _0 V0 Z.

~~~~ b-0-0 - 04 -
00 00 N 4 N N4

.. ;I4

-. 44

L>'C) r -4 C14 -

t~

J) ~-

C) -4O Cl

_ 00 -4 4

C)~~~a N. N. ) C C o N n.



- -rrr ~rrr~ -

0

4 -~ -. 1 IC

-in IlJ

(

S -~ --~ ci
a-'cc -i c~ -~

uJ-

-p

-I -

P
1  

-

0 I-

~1

-in- -' -I -~

-~ - I~-.

* * in:

- -i

c-i ci c-I
+

.1 ,- r-'~ ~c- cc

-in

0 -C 7-Ic: -

-~ -in -in -I

-c-

0 K

2

p

0

-in c- -in

0



* ~ r r * -. - - -

I

I

E

I

U

6
I -~

C

*

C

6



L

S

r

S

0

a

0

S

S

S



U'-

-H

'9-,

* ±

'it
C)

N
'91
I)

S

42

c-I

0
C)

o -

914 H

C)
91
c-I

;~.1 CC)')

11

r

C)

-JI
~r.'t pit Cl

It'
0

C

42

*
CI

0



3 . *3* '3 3 ., ., .3 3, .3 3, 3* , .",

I

r V
V

I

'~>.

*

194~

N

I

p9 .
'At

0

A
ACF

i
AZ

4



0

I.

7~\

a
7'
7-)

a
7-;'
71

0

-I.

a
7-;

'p

'I.

4-)

*
3

I. 71
3

71

0

0

0

K ~ - - - - - - - -



I

N

N

-r

A% ~ '~2
4

~4 i#t

/

iL. 4 H

4',,

t'ct 4 $11

" 4,



-4

14-4

-4nn

1k'1

s-4
4,~

4~ 4
4-4

In.

4

-4J

* 4

t-



Iii

L4

44j
ri



V - . .- , '-.',-.,-.. -%,-------------. . - -~ -.

S

t

N

.1;

.2

*

-fl

V4

U
.f.

-.4
.fl

0

-j

S

*

0

S



41

U)

4-j

CL



r -. - - -~ - - - - . - .. -

yii*~1~i
-4 x \

A* +

-4

0

0

0

S -,

-p.

N

a
4

c-I

0]
0

'4-4

-p

I)
4
4
c-I0 0-

c-I

c-I
U

--4

C-
*

0
4
0

0

S



-fl -. -' -

F - ~ --. '-- .~j 7 - -

-~

24

I

-J

2)

~0

4-i
P2

4

2)

2)

2)

2)-

2)
-J
2)



- - - . - - . . - . * ..

I

t

it-

C

I I %*&SCia~~~. r
~ -J

3
.4

.3

'a"'. 1 -4. C

a /

S.' -. Vt

-. Ft

kIf~ -

/-' 3
- a-,

I N -fl

£ t
4.

4-)

C)

0
a.'

:1)
'F. r

C)
4-)

* -4

A,

/
-9

*
A,

*

6



I

-q
±

U

ij £

I

4;

I -4

*

I I
- I

2
I ->

2
-1

I

1



II

A,-.

i 

°i

-



K ~~~ -. *- - Sr S -- - - - -r - -

I

'A 4

U

£
'NI 4

4-

I
C

A
-J

~ 9/ -C
.1 -~

Ut

C

I

I. -

M

It

-t
'p

-UI I ~
:1

4
t 1

A '

I



* -r--rr!-,-rri 
-

trwJ

I tr

41.

4' -

\'



* 1

)It

'tAll

a
V

N''
p

e ~.; 
-

1~

~A- I

S

a

0

7/,'S

4

6

*

I'

6



I 4 Cr
t. _

aM - w'

,[ a

I-.-.2

• 1

22



0

-t

S

/

U-.

V.
.~ 'S

S

1~I

9

*

I

I I.
I



0

~ I I L
4-i

)
I
9 1 -I

Al +

a 1 $ 2)2)
N

C

6 (
*~ A

~r~L

~9j
4

... :,.~.' -~ I

a 4 -~

2)

2)

V - U

4
4 2)

U
1 2)

4-i

2)

* 1 2)-2)

2)

2)
2)

.ft

-~

0 K .1 3:
N

0
4-i

*
II ~14

0



C S I S S S S C

U

* ~ I

' ~ ~

Y~ I ~I ~
I /

'1

I

I
t~)

-it

( 
-J

-F-

C

-J

A

p

&
V



C- - -'- - - -h-- - -.- ,-

I

I
~ 1

:~ ~

2

I C-

'1' 2

r .-

( C -J

6
A i

7.

r ZN

-j

0

-4

S

3'*
c-i
c-i

4-i

0

* V
t

S

-. -' -. -. .tjz~-* p - - - - -



/

:3

*3
>11 0

+
-1-

c*3

4
J

S

t
2
a

Gi
:3S

:3
12 C' 4-J

.sF 1. '4-"

'I t ~
/1
U' -

U1 w

toI

ee:
I

4
4 '-4S

'4-4

S to
C

2'

Sr
if

4' :3

Cl

&
F-'

0]
S
"-3
S



I

I
'4-

IL

4< -4

N.
-n

* r +
'N

I IL

I -n

94 az'

C I

IL

y~za I

.7

4
I-*

IL.

- *~.

A 4
t ~ It ~ ~

* it ~.

-4

N N 'N
-4%

6



CL

4-
NO.



I
L

I

I
I

* - TK4.~~

C -I

6

I

I

I

I



-. . -.

4

I

f

*
-f

C £

~ -

a
-3

4~

4%



* - - - - - - S - S - *..7.r.y.. -, -- - *- -.- ~'r-r~rt~-y-r- ~*5, .5 5 5

I

C

U

C

I

C N
5%f

0
p

'I,
r

Pt
*

/
/

it

* /
At

S

0



AD-A149 257 BARCELONA HARBOR NEW YORK DESIGN FOR HARBOR 2/4
IMPROVEMENTS HYDRAULIC MODEL INYESTIGATION(U) COASTAL
ENGINEERING RESEARCH CENTER VICKSBURG MS R R BOTTIN

UNLSIID RUG 84 CERC-TR-84-3 F/G 13/2 N

NEIEEEooH!EEI EEmilEmMEEE EEEEEEEEEEEElmEE
ilmiii/iil~oiii
iiiui/aimi//mEniiliEE--EEE



1.0 .6
* -~III *2 II2

.11111'L25 1 "4 111 1 .6

MICROCOPY RESOLUTION TEST CHART

NATIONAL FURIAU OF STANDAP[- I9-,A A

"0

6

6

6



r
I

A

A
--'N InV

N
t  +

* ' 'N
-J

At 0)
3

o

C-4 'A

0)

4-3

-t

4 C- -

0)

0)

N -4

-% . p '--. C')

t - 43

0)

Cd
'A

£
S

'A
* C- .0)

43
43

A.-

3

Clur~

'I' % '4



4,.,. , . , 4 4 4 4 4 , S- 4 4 4 4 , . , , , S

C

C to

44

ii. I
& i'\ ', C-'

V +
"I

to

44

(

tz
C

K

to

-t

"N- '4'

44 Cl

I).. 44

* hi '1-

' Cl

.4

V

- -~ U

- A C
to
1-4

-~ 44
* 44

Cl
a

0 '4V
.4'

-4

r U'-4

C 1

* 1% * 4

4 -
4 -

4
I ~ i 'I - 44 - C

C

*
4

S

- . . - -4---



:0 -1 -. 7 . ' .- - I.,

00

1

' 4C

*V



f~~~~~~ ~~ -.W'~ -' --C- -. - - -- - .- --

II

r4

4 4

A , iO '4- 

1

c.J

f CL

E-4



N- -'-r S. - -- -- - -- - Ct - -~

.4.

N

4.

-4

-J

'a'

* * ~. In
+

N

-D

cc

- 4%..

* Lfl14, N
4' .4

* A

* AC

I
e I

.1

3
rn

C

9

N
I'

N
N

A



~40J

-4

lk3

ul

'K4

1%n s1 0

4a

"acc*c
A u)

h.0)



4 4A

loopl

VA

YAJ

44



A A

-4

ca~

4-1

14-

-. en

C4

I-n

xl Q)

Iu,

4. '41

Nlr,



1.

~i~L -

. . -4

£ 1%1

4J

to-



-t - - - -. -* - - -. - -' - -. .-. --

4

'-4

9< U)

- -. .4 4~J

-4
+

.4 S
'7 4 0

1-

U)
ci

:3

4J

a'
*

U
ci
U)

in

Cl

44
U)
ci

H

ci
U)

C

C

ci
44
4-i

A 0-

:3

-A

U

K C-
-4

4
A cc

13 CtI* 114 %~ ~
-~

6



14-



'- - -' - - - -

6

9 t 4
(2 I

? ~ V 7.
* ) .4

-1:E
.24

0

'N
4

N

IIo .4

C.)

4-

/ I

I US -J

) V -40 A

1~ ' .i .' dl

TI '~k ~

*

C

--- .4C

* L

0



IC

4-ri

-t

- 4ow



4

~ifr~ -

*~ -~

'ILl

/17 rh -~

/ ,-* %

I A 4

I , I I.a 21 -

. ... 'a -~

I, ~j -

I C

* .4

U

I Z'.~*'~(
& ~ I

0'.

w
H

~4-4

r4~
-, ;. ~

w

I

6 H

.4

JJ

C

S

0



~I 1  ~ 1

3 9. 4 f

1$

jd ~

t +

4 t'ii I j~t1 4
g

I **~

I-

*r.j
A N I
V j

j.. tf~

14)

~ - -1
t 'IIL 4 I

'$ - cn
4.

I
35, 0)

~ I

'4' 1 4. i
(1 31

$ / I

I jI



4-1

4 At

'Va

.141

A 44

-4-J



* -1

* co

00

$4

0

C'4



- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ' 4,- .-L-- h -. ~N'%7 .7 - -. . .-

IL

:3

CC4

IL



I S A !{
<1~

+

.4Ut

-J

A 
*

S 
rID

* 

ifl

t t rt

'-U

,lit -if

It, 

Ut

?~ 17 
~ 

4

4' 

CU
1 

4A-v 
$

'U 

'Ut

" 

1~
-C u 0 

C,V. 

.4
,h 1  ,, ~t * 

£ 

4 4
4) I

I 
a

r 

A 

CU

'4, ~ 'I
I 

A 
<0



- - - - - - . - - *~*. '.*..b .

~1

-7*

.r.

Is, D

r.
p -5

q.

~7jj

£ - tr

4

S

a
S 5-iS

S
5.

''

I



I

* 1 9

I

4?
'I
* TL

I

I $

:1

- *'-*'

- I,.

t ->

)i)~ 1, *j ~ r

K * *



)IM ion
f2 .

4 &40 1 
4

-4 1

. . . . .



44

4L..

II



-4

It - I



I

it) 1

A I --

I 4

4

I C
4\~' 'V

I ~' I

$5; ~

<~j1I:. iv

-- -A -J

Ct

C
It

--9

* -n/
1)

* r
V 4



C

y

I
±

p

*
/1. ~'. N -.

-4-

6

,fl

A

0 4
1J~.

I '1 -J

.4, :1

1aiti Cl

5, b

* "V

4 ClI A S
. 4 t

1. 1 9

* 1 9)N t $

0



+4 4

41J

4.



* r, '~ rv. r, h~ ~ * - *. * * * * * * * ** * * * * *

:3
*fj

a

F S

+

a
~J2

C)
-z
44

S

C
C

C j 44.4

p U)
$ C)
4

:3
a

*
tim

~.

e
CC

a
44-4

U)

C)
44
a
CC

- C..

C)
* C.

'p CC
3

CC
U

"-4

H

0
'C

0

S
a
S

0

0



-4

Ia

ca.

A.-



I L44

-Li

4 14

ca

CL4



4

CD

L4

-1
4f,4

41.4

IL4

4-)

4.)

4-4

.- 4



* * - - * *-. -.- -. -v-u-r' r.q

6

73

4,

'.fl
-'4

'0

*4ta +

a)
:3

2
a
I-

:3

"-44~)

0'S

I (NJ-V '~'~ -'

,1*

C')

-~

C
I.'-'

tIC

C
a)
4.)
4,

C-

~1

:3
-4

C')3

'-.4C-

0

0
4,4 0

0

S



44J

-4

44

'4J

4

-J



Lf

4J



141

.4-

4J

4-i



-4

U '0

+

U)

02

N 0

ve.-

4* 1 4

4..40J

CC

- 44

r44



I4.J

No;v

Il

* It,

ii At,

~%4 -#34



N

4 4

S
F

1

.9:

I V 5
+

I

C 2
IN I
:3

-J

- ZN

r-.

/

£
XI

I
-H

5-4* w 0

>4 A 7±
4-)

It-

C-o t 3
:-j

yr
-4

ft. U

$ -. ~tU i~
-J

0

A

A

I



41-

*1r

#A IN lw

TIMn

-1



* U' I - -S.

I
r
F' -A

p

iN
fl

-J

V

E
C
5-

I
V

-J- .4-

C-'

-J
V

N-

* a

- -

5-

C
.4'

C . * .*-4 -p
A - ~ 5-

'U

4-4. S 4-

-A

U
k. -A

tt41*1 V * a. .-

t 4-i2

-~ ..- - A ~> \ 'U

AC -

A

I



.4

'. ,~

4

~i1

2

A

2

a 4.' 2
C
c-I

-4

1

-~ 'I

"S. ~

- .-------- a- .-.------ '-- ~-c. **-



IT

~js -4

') 0)

1 9 j1
Li

"A4

0
14-4

0
4.l

II



00

-In

-4

4

a.

1 44

I"L

r'4



-. F-F-U -

II

)t

a: 3

bl -) - "

ii

*. 'A

11
• • •, " "" . -" .. . 4..'



4 <1

t 4J

'-4-

a)

44



-4

CL~

JJ



JeJ

4-J

4-J

w4
(4-4

a 4ca

Af~

C14

co)

14-

N 44



* 4 S * S *'~ ***S * 4S1* %~', ,*~u',. % ,~ *6~9rN~Y..-~ * 'j* "V * ** 
a a * *

I

4: $

I,
'.4

:3

44
La-

J ) C

C"

+
44
Ct

I, a)
44
1-4
0

CI; * C

* '4-41-4

a)

I i~.
At7 In
4 C;

-a--
Cd)

£ K

OZI
Cl

C

1-'
C

'4-4

U-,
C
1'-4
a)
44
44
0.

6 
C)

Ct

:3

-4
t Ct

- a, a) C-,,d",uI a, 0.
* H

'.0K SE t C
& I J/ C

- i4; lit;: *I

*~ S /tr

6



*-4

40:2

44i

Ct-)

4-4

-z

41i



0

-4

S
44
U)
C*3

I. w
4-4

5-4
* C

S

C
3-4

1~

I
U)
C

Co

44

* (1.4

in

U
C
U)

C
In

e
Cd

C
(4~4

U)
C
'-I

C
44
4-i
Cd

* C

Cd

-4
Cd
U

.7-4

* H

Co

r-.

C

*/ *// C

* S, x 44

S

S



2i-

.404



IN

44)
c"
Q)

44J

4
a

* 
c-

441

C"

4

a 

wC

C5

* 
4 41



~1

.9 0
0

.*~ -v I
Cd

C-)

1~

Cd

0
0

Cd

'-a

S
C
s-i

LI)
Cd

:3
4-a

~ -4

N- Zr

tfl 4-a

C)
Zr Cfl
1+

N-

~Z 0
C

"'H
cNJ 4~J
cn C~)

I
C--i

Zn
0
1-4
C)
4-a
4)
C)
0-

C)
V

-.4

-4

7C

I

I? I



-, - w r. *r ~---. - -. -- -. S S* - N N~ 's ~ - w- 
5
*j~ , . S ~ -. -,

0

44

Cl
* C

ICC
C4. +4

4

C;
9. -

C +4

'3

c-i

Cl

* +4

':3
r-. n

Lfl +4

-

C
rfl

1+a
C

"-4
4-i

(-I C,)
C

Cl "-4

-

cn
C
1-4
C
4-i
+4
Cl

* C-

C
:3
Cl

~0 *. :3U

'I 14 --4a,

.4 H
N

* '~ iii ccC

4?!

9



---- V..

-J

.- -P.~ 4jii .i -

~ I +

-J

~

4

-J

2)

I
1 -~



I

-4J

/0

W-I

I4~J

a"

- C-4

A U

* C.,, °

Lf

m C

47' x1 -

4 C

|. a

! . t.

I?,.
U-,

1m e

• n

6 C-

. . . . .: , . .: -- ._, . - _ : ..: ., .-, , , ./, .. . . . , - .. .. ,' ")



-i7 ~ -- - .- y - - . - .- - - ~ -

0 -.
t4

- C

e "-

i . ": -4

i! ..- Ut

ft J

• . . . . i" ": ". .. . , ',i , . , , . ... . - . .: :" -" - . .. . .



7 .7

Ct

4-

4-j

0

-- ----



4

a ~0

4-j

'4-4

0

~0

14
(U

'41

41i

ca.

00-



I

t-4

0 '4

')N4- 1

Un 0

'o-

P?,

00
w

0



U

Cli

I)

r- n

4-

E4J

o~ 0

0)

0)



4-J

Y Lr 4- 1

-T

:

'4-

:13

10~



JJ

A -3

t4-4

14.4

-1

fI



* - * ** ** ~ ' - S r.r.w.r 1 .,.6...w... * ~-g~m-I~

C

44

U)

C)

.5
s-i
0

A

'0
C)

44
V C.)

CC
s-I

C)
s-I
0

C)
.0

* 44E
C
s-I

(4~4

CC
C)

Co
:3

* 44
~-I -4

C-. U)

1.4

a
,1

C4 ~(4

-zr C.)
C)

es-i
C~ rP

'I 4.

s-i
C

1.-i

U)

A LiC)

'I S f 4~)44
CC
C-

1

CC
3

-4
CC
U
r-4

0.

K iii!, tiP 7
0

0



-J

u

s-i

4

L4-4

4-4

4.J

Lfl4.4

ti

u 0)

T:1 4J

4

t-rj

4.1
4.1

12)

-4

*1-4



* -. -, -w- ~ -. V -,*..- 4 t~ * w . . 4 . S S S

C

r g

C

-3

U

U
1~~

C)
U
C

C)

4-4I
U

C)
C)

C)
3

* 4-4

C- U)

Lfl 4.4

Us
Ci
U)cfl
1+

C-'-a
a

4 C-)
C-)

t~ '-4

L4~.4

U)
C)
U

4-i
-j

* C.

Ci
4 3

Ci
4 3

Al -4
Ci

ill U
'-4
C-*

'4 -21

.1. Ci
4-i

0



S

*
±

C
A 1~

*

C If

V

0

-J

*

I

-J

O
K

4

4



-I
'-4

'4-

+ 4

4-4

f.
:4

'4.

a

N '4.

4-4

-, C-'.~ £~~'

U

'p

a-'
C-'

*
-St

C

a

:4* :24-i

C

4'
a

4 C

-5- 1
C

U

~-~2' '.\ 4~ -4

* iI
-~

I



IxS

:::: .... .

4-

;Fl~



0

4-I

#

+

U 44

C)

44
$4

S

A. E

$4C
tn

C)
CC
-4.

44
I-

0
'C

~,. 4~-... - U
C)

No C 'C

ci
-s

CC

C4

$4

Cr
>1 C

$4
C)
44

t . 44CC
0-

* - 4-

CC
4. -4.

tK XL
'-4

*1IL 0-

* Y%%

-* S

* 44

'p.... - >1~

S



- -. - -, r rvrr~~ - ~ -' -9.,-. - ~ ~ -~.-.-.-. -* - -*-

4

4
U -J

1
4'

a 4
-, *f.

*1- -J

<N
.9

~A.,

.t.~ -~\ *>\

I



a

C ,U U -~

J N -

4-i

C

Lfl

+

3 t<1 4-i

N' W
it 3

.4

'-I

0
r

<N 0'-4

vs
0

Cl

'-4

* r
'-I

.4 2)

4-i
N cl

*
Clr . :3

-, - (1

* &

*
k

*4 4 I *~ -

\$4,,~ \ *
4' .4 -

-Jx -'I ~
to ~~pyi <.

0

-U.--. - - - - -------- '



[ . .

I

1.
c-i
+

C

C

*
C)

* Lfl

U
C)

I -
a'
In

Cl
.4

C

1-4
C

C
5-4
C)
44
44

V

-4

U

C-

H

-4
C

I



07

V4~J

L-4

U01

A mA -; . Iw



% % -. -. % * -. *% ***~

I

''it
Cl)

'4

t
in

+

s-I4-4 4
C

2
C

(4-"1-4 2
U)
a)

ci

(4-44-4 j
~0

U
a)
Cl)

C"

'0

N
'-1

it 7 Cci-4

1-i
C

U-Ia
C
s-I
a)

4-4
4-4

C)0-ci '1
C):3

ci
'1 

---4

0-
IF 'HC-,

C
'4 =1

I
-wmujj



n 4-4

'4:1
4

-444

Cr)

441

-t-



- .- '- - - -

0

:3
0,

44

C

en
4, +

44
0,

A C)

44

C

C
C
'-4

0,
C)

Co
:3
h-i

ti-I

*
in

C~)
C)
0,

'-C

-t

CO
Co

'-4

0*
0,
C
'-I

C)
44
44
Co
0~

C)*
Cl
-4.

-q
Cl
U

--4
0-

h-I

C
u~1
C

0
44
0

0-

I

I



- -- h--ut-.--. . 7' -h-h- *-' -r- r

K r-

9

-H

-4
+

q Cr

r 

zJ

4-4

hr 
0

3
s-I

Cr
-I

r3
:3
4-I

* 

C
-4

-4
ZJ
Cr

I am

c-i
-4

5-4

* Cr

5-4

-J
-J
c-I
3-

* 

-4

-H-4F c-i

F
0 '3

S

0

F 5-

S

I.-
0



- -. . .w. - - -

I
I

44

-4

r 4-I

C

4-4C) I
'-4-4

C)
~~4

C

a ii
4=

C
~~4

C

4-I

-

-cit

c-I
Ci C
cit
In

In

Cl-I

c-I
CC)

-~ '-4

'-4

C
U-

C
'-4
c-i

4-4

;1~7 ti~c4-i j
S - C)

C

/ . At C
I, iv? 1 c-I
I,, i~.5 C 4 --4

1) 'r r- i-I

I

t1 'I 'C - .4

1,/i,!! 4-iI, If I c-iV 4! S1~v A1/ 2~~.
* I.



I

JJ
!fI

C)
-z
4-)

4

C)
4-)
U

'C

I /

* I -4

4-)

I -:1-I
.4- --

-~ ~J
U

eCU
-4 .- 4

* 0

-I,--'

U
C)
4-)
4-i

0 
0~

C)

CC

-, CC-4U

* , J

I / I* 'r ir

At 4-4

* ~ I ~ -

/ j

0



t - .- w--~-.--.,w-.--. -.. ~ S - -

0

-% tO

*
Ut

I -,C

a Ut

- U,

-J

C>

*

~ ~ N-

a
4,- . s,

4;' it

r C)

*~2

4 I)

S ~VA 2)

-4

0 0-U

.2

S

6



I

~,Jrj§

I / 7
I

4 d I
F I

C C I

0 ~4JjP~~

I

-'I

I

* ~ ! ~ A:

6



441!W

IIlk

*All



I4

C12

0

4-

4.J

W C
r-.

0

t j



t

liz
-J

t
4 U)

I

zJ

4

-J

I -

-J

U
z~c

I
(~J

4 a
U
U)
-J
JJ

2)

-~

0~9' .7,

C
-J
C

'I



- - ,- *- -.- %- -

I

ci

I'-

-ci

U

* 4
ci

ci

ci

cc

C
I-

N- >

-Zn
Lfl

4-i

U
cic
cc

I ~fl

C
o ~
-1- 4-i

U
sAy' ci ci

-4 'A
- -ci

'-4*
Zn

'-4

ci
4-i
4-i
ci
C-

* ci

cc

-4
Iii '-4
C-

4

6 H

-4

C
4-i
C

6 C-

0



v.A * .y - -, - - -. - - -

4

tI:'

w

I 4-I

A- 43

rI C)
s-I

C-)

Cs-I
t4-~

C)

C-i
:3
43
(A-

I -4
(--:3

*Cfl
ifl

43

C-)
Cc
Cfl

~:1 ~t --- Co
j 1/Th 43

4 -r U

~-

C
(A-I

C/)
C
s-I
C
43
4-I
CC
0~

a)
:3
C-i:3

Ci
C-)

C-

Ln

-J43C ii

~..1



- .,-v - - - - -'-' - -' . - -, - -' -' -. -. --- "4. -

4

44
Ci)
ciif cia

A.' ci
4. J~l

C-)

U cis-i
'4-4

ci5-4

a

ci
44

2a

44-4

U)

ci

ci

44

6 '4-4
I-H

*CA
In 44

Ucia

*r"G' - )I en

* AZ"'
tn 44

C-)
cci

K rH r~
-a

'.4a

'4-

U)
a'-4
C)4-i
4-i

ci
0-

6 .r

ci

ci
C-)--4

* 
r-4

'C

4 .
a
44

-z

S

S



- - - - . - - t~.M ~ - -- - - - - - 7 *7*

I

£ A'' -l
4~J
'4-

C

t -1

+ 4

4-i
S-i
o A

0

kQ 4
5-"

515
ci

'4
'4-4

Sn

tfl/7

IL In0Cd-4

5--I

0

-Sc
* iS" 515

0
-

4 ci
4-i

- 4-i
- Cd

A 04

i 'N c-I
I -
A - -

I
-~
Cd
C~)

-H

55-

~ (Itt? 1  5-

1'

r V
V



- -. - .w. -. .- '--~-.~-~--,-.-

0

I

1-.

4 N..

S

-J

* 7'

3
72

in

a tfl

'A
4

I' s-I
- C

72C

C

.4 C
F, C-

'F
-J

- 'A ('I
* "VP - :3

4' '-4
* C

U
1'- "-4
V 0-

S

-, C

C

C-~c;t~;vxt~:~ '>9 7 '

S Ia "' k

0



C12

4 J
'4-4

-21-
+

1-4
aa

'4-4

21)
21)
:2:'
221

44
'4.4

~ j 1---1I 2))r-.I
U-)

a
221

1-4
C

4

-4

~1

1'

1.)
--4

4 -4



6

(I)

-Zr
+

4-J

0

4 0

A;
~0

S

w

a -Zr

'-I

1~.

-j

-S

0

C

S

S



NI

711

4
J1



cr~

4-J4

'1-4
S 4

54-4

CA

A IA

-4

orr

F7c-



Q

I

~f1
-d

f 4-)

I
'-4

417
I)

F

4-4

* C1 '-4

'~1
8,-I

4 -4-
I -~

( U

'1 t'~ -...,,..~ liz

4 - I£ r-. -~-

'S
L4-N -44

U

4

U

4I

4 -~~ I 'N

C

,1



I

'p.

-I

7n

g +

-4

ti

I -

-3*

C>

-J

Cr

C

I. t~n

~1

0

S

0

0



D-RI49 257 BARCELONA HARBOR NEW YORK DESIGN FOR HARBOR 3/4
IMPROVEMENTS HYDRAULIC MODEL INVESTIGTION(U) COASTAL
ENGINEERING RESEARCH CENTER VICKSBURG MS R R BOTTIN

UNCLASSIFIED RUG 84 CERC-TR-84-3 F/G 13/2 NL

Eihhhihhi/hhiE
mhhhhhhhhhhhhI
EhhhhhhlhhhhhI
mhhhhhlhhhhhhE
EEE-EEEEEE-El
ElihEEE--EEEE



.719S

Us'I~

11111125 gg~'.4. D 1.6

MICROCOPY RESOLUTION TEST CHART
NATIONAL B~URI AL of STANDAFA[N 114 A



A

C4

C)

0
5-4

44j

LW~

'OILI

In

-4

Q)

4-I

441

'-4



- -- 4* - ,~ . - C. 7 C CC -- C - W~ m . -. .~W. t.Vil

I

P.
t4-4

+

4k .3
I

2
Cs.d

'4-4

U,
w

:3

4-i

N.

tri

C)
a)
Ca

'0

LI-'

-4

s-I
C

t4~4

U,
C
s.d
a)
a
4-i
Cu
04

a)*
Cu3

-I
Cu
C-)

04
>4

H

I
'0

L V C"
IL I -

* 1 0
a

2 0$ -z

* ~.d

~ttJK 1' /

6

- -- - . - - - . - -

- - *.



'C - - -'YMt ~ - - - - a - C C - c-pcr;rTrTWJ ryrJrrr~r- -

I

3
-1

-4

:3

I-

a]

C)

I
C

2
C
'-4
C'-

Zn
V

ci
:3
44

tfl

w

C-)cn)
tfl

C
ci

-4
C-,

'-4

C

Zn

$4

V
44
44
ci
0.

V

ci

:3

ci
C-,

-4
C-

H

N

C
44
C

tt: i 1~

'a

*4* -- **- a - - - *. -



4-J

4

44

4

0

0

E-4s-

U)

CU4

4

* L4~0



N~~~- 77. .7 -

'AZ)

44

-Nh

E4

1-4J



*41

N. 0

I44

N"IN

02

IL.- "A, 44

100'

0

'4L

Fmm A I



- - -~ -- ~.-- .~-..-~-----.-:-.,--j-7.----;-------.---..--7 -. * -. -. -. -*:---------

4

.4

U-'

+

.4

0

.4

.4

4 -
/

--- *
-, 0

h

- -*w
.4

0-

~. 3

4 '-4

a 0-

A~ -~
- . -. 4 '~1

* -~

~ **~ 00
4,.- .~ 4~h

~ ~
* ~ 0-



-4

Ot3

U)

4 -4

0

sCd

CA
:3

44

'41.

17f



t 1:3
r1

4L4

t-4

41

43 Cd

-4

CL.

$4
100

$4

4



4-)

:3

'0'

co -

4-4

4-j

0-

V 41

0

41i

0

6-

S0



7 

L AKE ERIE 18 ~'

(// c>/
wI- i //

" /

-' /
-/2 ...-

m -/8 EL I9
12/

I

AT WEST BREAKWATER--- AND N , S T E T
-6 - _ ) N EL~ 6A,' 1

I //
//

2 'o

LEGEND
*1 WAVE GAGE LOCATION AND:: NUMBER

., ALTERNATE WAvE GAGE LOCATIrON AND NUMBER

NOTE SCALES
PROTOTYPE 0 300 600 FT

CONTOUR, AND F1 EVATIONS ARE SHOWN IN W v n
FEET REFERRED TO LOW WATER DATUM (LWD) MODEL 0 5 10 FT

PLATE 1

I . . - . . . . .. . . -. . . . . . ., :,. . . .



" */ -

/

WET A KE ERIE 

*! N) . ..9I /I

/5

./ I

// /
I /

N ,,E ----- 3CWEST BREAKWA TER

-- 2 -_---/ EAST BREAKWATE\ -- 6 / /

NOT SCALES

PROTOTYPE 0 300 600
cc% (O' ;RS AND' ELE- TONS ARE SHOWN N md rm = mi ir--oo

;:FET REPERRED TO L0'4 4v4TEQ' DAT ,M k ,NE'' MODEL 0 5 0OFT

-. PLATE 2

o _;-. i::: : - ." : ?j~ ~

n I
i - ."-:" - . :_ "_-. . . .: . . .... . " , : .



(LAKE ERIE 1 ~-18

p-18

EL - _ -12
PLANS 3 AND 4 ~ ~ / EL -9

"-~ WEST BREAKWATER / / PLAN 4

~' / EAST BREAKwA TER

-6__)EL 1
1 6

~-EL -8

PLANS 2-4
13

PLANS 1-4

CITrY oocK(

LEGEND
SWAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 1-4
NOTE SCALES

PROTOTYPI7 0 3060F
CONOIJRS AND ELEvATIONS ARE SHOWN IN

FEET REFERRED TO LOW WATER DAT'JM(LWD) MODEL 05toF

PLATE 3



/

-6

LAKE ERIE 18

°-.

EL -13

BREAKWATER EXTENSION
INSTALLEC FOR PLAN 6

-6 -- E-'- 9 LI "

N EL9 - ~E '"-92~
"-'. WEST 8REAKWATER

EL + EAST BREAKWA TER

I6 -EL +

EL +9

Io_;

' '," ~~E E9 -8/ .r

IIl~ WAVE GALE LOCAO AND NuMBER

ELEMENTS O- PLANS 5 AND 6

NOTE SCALES
PROTOTYPE 0 3060

*CrN'('JIRS AN O ELE ,ATION G APE SMOWN 'N -- _

EET R EFERRED TO LC:W ,TER DT .M(LWD
1  

MODEL 05 O T

PLATE 4

I7

LEGEND



[m "

[-18
" /

L AKE ERIE - /-i%

J(
-18

E EL + 13

EL +9 /
WEST BREAKWATER

EL I EAST BREAKWATER

N.~E -/29

EL 9

REMOVED FOR PLANS
7 8 AND 9

:- EL -6
i .- .I ,,3'

9 12

. .ABSORBER REMOVED FOR PLAN 9

CITY DOCK

LEGEND

I WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 7-9
* NOTE SCALES

PROTOIYPE 0 300
CONTOORS AND El EVATIONS ARE SHOWN IN F m i

FEET REFERRED TO [OW WATER DATIIM(LWD) MODEl 0 I

PLATE 5

I

'"-4i . 21 . .,. :. . ?



2'2

w~r RL~AE EI

6 -12

ELE -93

EL t9
5//

/s FL -8 '' /

LEEN
WAV GAELCTONADNME

* N EELEMENT OFS PLKAN E 0

PLT 6' E~



L AKE ER/IE '

EL-9

-1l2

ELMNSO PLAN IAN 1

'AVLAT 7 LA

S1

c~r DOCK*



L LAKA'E E RIE > -18

EL +13

EL19/

'**------ WEST BREAKWATER,

EL *8 /S2/ EAST BREA KWATrER

-6 )ELI 6

EL t9

EL +8

12

*Cf TY DOCK

LEGEND
V AVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLAN 12
NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOtIRS AND ELEVATIONS ARE SHOWN I N no

PEET REFERRED TO LOW WATER DAT'JM(LWD) MODEL 0 5 '0 FT

* PLATE 8



~~~~r~~~ .4 Kf. E- R. IS E 5.. .

LAE ERIE

-71

EL '91

/5/

PLANS 13

EL +8

1I2

C/ TY DOCK

L EGEND

Alt idAF i ', (. rA r)N4 ANrI 4 HM8F p

ELEMENTS OF PLANS 13 AND 14
NOTE SCALE~S

~ A'i~ I 1/I IN~,APF ',H(,WN 'Nu.

PLATE 9



*.-E- 
3

( 2

- . WEST BREAKWATER

EL +8 EAST BREAKWATR6 "-p - /- ' / I I~ tN E' -
PLAN 16

EL 9 P 5

5/ 1

L. /EL - 3

CI r Y DOCK

LEGEND
WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 15 AND 16
NOTE SCALES

CONTOURS AND ELEVATIONS ARE SHOWN IN PROTOTYPE 0 300 600 FTFEET REFERRED TO LOW WATER DAT'JM(LWD) MODEL 0 5 0 FT

PLATE 10

I



/ j

L 4 KE EPIE

7//

(.-... /
-- WEST BREAKWATER/

- EL /EAST BREAKWATER

-6 R VEL" / -
REMOVED FOR P.AN '8 / 3

PARAPET EL+I5 /

" EL +
/ I4

I"I
83

12

C/Trr OOCK

LEGEND

SAaE $A3E 1 , N AND NUMBER

ELEMENTS OF PLANS 1.7 AND 18
* NOTE SCALES

PROTOTYPE 0 300 600 C7,
, PN q P AN) EL r' T ON' APE SHOWN N I
rE' QEPE~rF" 'C -Ph A'E

Q 
' 41M C MODEL 0 5 0 9T

PLATE 11

6.



-7-I

~EL E

/ L

-.. EL9 -/2 /
~---. WESTr BREA KWATER /

EL ' /8 EAST BREAKWATER

- REPLACED FOR PLAN 20
PARAPET EL+I 

E -

5 I

EL +8

13

12

CIrr DOCK

LEGEND

*WAVE GAGE LOCATiON AND NUMBER

ELEMENTS OF PLANS 19 AND 20
* NOTE SCALES

PROTOTYPE 03000cT

CONTOURS AND ELEVATIONS ARE SHOWN IN ~ Z

FEET REFERRED 10 LOW WATER DArPJM(LWD' MODEL 0 F

PLATE 12



L AKE ER IE ~ ,I

EL "9

" ~ WEST r REA KWA TER S / EL -9

-122

N6 EL~ EAT-6AW E

EL +8

S7

ELEMENTS OF PLAN 21
NOTE SCALES

*PROTOTYPE 0 300 600 FT
r) I," ANr) f F vfAT lON, ARE SHCWN IN

-FIT PU1ERRV TOT (O NA'f P DAT JM I V*0) MODEL 0 5 0O FT

PLATE 13



I

1 -9

WES LRAK E ER -9

-/,',-. / J
r._ //

/ I

"I / /. "/ 
//

//2 -/2 -

N L

WEST BREAKWA TER / EL

N _ "/ EL 8 / .EAST BREAKWA TER

EL+8

EL " PLAN 24 EL+9

5/

PA 2EL 8

7"R..- 
/

CITY DOCK

* ILEGEND

WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 22-24
NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOURS ANf ELEVATIONS ARE SHOWN IN

"EET REFERRED TO LOW WATER DATUM (LWD) MODEL 0 5 10 FT

PLATE 14

.S, . -. .:: - . - .. .:. : _. .. .... : -



-7 1-

( LAKE ERIETER

EL8 II, II rBRAw~

6 E- -6j

N EL'EL

/ 3

2' 12
E S9

C/TrY DOCK

LEGEND
S ivA..E 3AGE OATION AND NUMBER

ELEMENTS OF PLAN 25
NOTE SCALES

PROTOTYPE 0 300 600 171
CON71IPS AV)l ELE, ATi0NS ARE SHOWN N

EET REPERRED TO LOW WATER CAT JM(LWD) MODEL 0 50 PT

PLATE 15



L .LA'E E RIE

E 

2/
-EL- WE8 EREAWTE BRAWAE

6 -/2

6 EAS 6RAW E

/

EL +8

7 PLAN 27
EL -6PLAN 26

s/0*

LEGEND

AIA\,E GAGE vOCATION AND NUMBER

ELEMENTS OF PLANS 26 AND 27
NOTE SCALES

*PROTOTYPE 0 300 600 FT
- N-,IJPS AND ELF vCI ONS ARE SHOWN IN z--l
SET REFERREDL) TO LOW WATER DATIJM(LWD) MODEL 0 5 10 FT

PLATE 16



/ '

L A KE E RI

E EL

WEST BREAKWATER

EL 8 &_..2/ EAST BREAKWATER

EELL-B

6 -6

LEGEND
i

I
WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLAN 28
NOTE SCALES "CONTOURS AND ELEVATIONS ARE SHOWN IN PROTOTYPE 0 300 600 FTFEET REFERRED TO LOW WATER DAT'JM(LWD} MODEL 0 5 0 FT

PLATE 17

S

"~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~~E • 
*8'• 

'- . ' ." 1iiil 1 ii i"i 1 lii



F~E -13

6 L ( - -

ELE +83

7/

Is EL -8

0

LEGEND
WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLAN 29
*NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOURS AND ELEVATIONS ARE SHOWN IN

FEET REFERRED TO LOW WATER DATIJM(LWD) MODEL 0 510 FT

PLATE 18

-7



7 (,

WuL AKE ERIE - ~8
C/

p-18

-.---- EL -13 EL +11 FOR PLANS 31-33

EL 9 - / -

'-EL-- W+S BREAKW TERKWr
-122

EL8 ~~~ ELS BRAK9 E

/I

EL +8

717

ELMET OF PLAN 30-3

LGNOTDCAE

CONTOURS AND ELEVATIONS ARE SHOWN IN
FEET REFERRED TO LOW WATER DATUM (LWD) MODEL 0 5 10 FT

PLATE 19



,. /
/ /

L AKE ERIE 1

(

-8

--.-- / fPLAN 34l._JPLAN 35/
"" 

PLAN 36 '

WEsT pBREAKWATER

" EL+8 " EAST BREAKWATER

-. 4-4

EL/+

* /4'
9 12

CITY DOCK

LEGEND

* WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 34-36
NOTE SCALES

*PROTOTYPE 0 300 600 FT

CONTOURS AND ELEVATIONS ARE SHOWN IN P 0 0 I
FEET REFERRED TO LOW WATER DATIJM(LWD) MODEL 0 5 10 FT

PLATE 20



/

L AKE E RIE

//5

EL Ill
-71

WEST BREAKWATER S2/

EL+8 < EAST BREAKWATER

EEL +9

PLAN 37
PLAN 38

1 2 PLAN 39

LEGEND
Is

i WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 37-39I
NOTE SCALES

CONTOURS AND ELEVATIONS ARE SHOWN IN PROTOTYPE 0 300 600 FT

FEET REFERRED TO LOW WATER DATUM(LWD) MODEL 0 5 10 FT

PLATE 21

IA
. ", . .



L AKE ERIE /-18

-18

EL+II /

'------ ~ WES 8REAK wA TER /

EL +8 A EsTr BREA ImA TER

EL +9

EEL +9

1412l

PLAN 42
PLAN 41

12 PLAN 40

LEGEND

WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 40-42
NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOURS AND ELEVATIONS ARE SHOWN IN

FEET REFERRED TO LOW WATER DATlJM(LWD) MODEL 0 5 0 FT

PLATE 22



L AKE ERIE ~ ) -8

pE -/1

EL EL +11

EL +8

Is EL -8

PLAN 43
PLAN 44

12- PLAN 45

LEGEND

WAVE GAGE LOCATION AND NUMBER ________

ELEMENTS OF PLANS 43-45
NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOURS AND ELEVATIONS ARE SHOWN IN

FEET REFERRED TO LOW WATER DATUM (LWD) MODEL 0510F

PLATE 23



/ 4

LAKE ERIE- -18

6/ -12

6~~E N E +1

N -/AN 47

EL +9 -, PLAN 46/

EL +8

E-8/

LEGEND
WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 46 AND 47
NOTE SCALES

PROTOTYPE 0 500 600 FT
CONTOURS AND ELEVATIONS ARE SHOWN INI

FEET REFERRED TO LOW WATER DATUM (LWD) MODEL 0 510 FT

PLATE 24



L. LAKE ERIE " > '/

EL *I I ,

'~--' WEST BREAKwA TER s2

EL +8ELA S T BREA KWATrER

6 12 -/ /

L 

12

Isi WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 48-50
*NOTE SCALES

PROTOTYPE 0 300 600 FT
CONTOUJRS AND ELEVATIONS ARE SHOWN IN !EF E

FEET REFERRED TO LOW WATER DATUJM(LWD) MODEL 0 5QF

PLATE 25



,./ -'

-18-
(LAK E ERIE " > -":

-/8 -PLAN 55

. / " PLAN 54
PLAN 53
PLAN 52
PLAN 51

EL 11 I

-12 --

*'----~' WEST BREAKWA TER /

EEL+8 &2/ EAST BREAKWATER
-6 -/2 ~.- / /I-

-6 )N EL~I +1 '-,6

PLAE3'

EL 9

EL +9

74~

/ 912

LEGEND
SWAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 51-55
4NOTE SAE

PROTOTYPE 0 300 600 FT
CONTOURS AND EL FVATIONS ARE SHOWN INil

FEET REFERRED TO LOW WATER DATUM (LWD) MODEL 0 5 10 FT

PLATE 26



L AKE E RIE /

-18

,-PLAN 56
PLAN 57

-- WEST BREAKWATER /
N EL4-8/2 EAST BREAKWATER

ELE +1

12

LEGEND
SWAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLANS 56 AND 57
PROTOTYPE 0 3060F

CONTOURS AND ELEVATIONS ARE SHOWN IN em -i
FEET REFERRED TO LOW WATER DATIJM(LWD) MODEL 0510F

PLATE 27



( LAKE E RIE 1

-78

4 EL-11

-~WEST 8REAKWATER

EL+8 EAST BREAKWATER

-6 EL +) 6_

EL -9

EL +8

/ 13

12

CITrY DOCK

LEGEND
S' WAVE GAGE LOCATION AND NUMBER

ELEMENTS OF PLAN 58
NOTE SCALES

CONTOURS AND ELEVATIONS ARE SHOWN IN POOYE03060F
fEET REFERRED TO LOW WATER DAT JM(LWD) MODEL 0 5 10 FT

PLATE 28



APPENDIX A: WAVE REFRACTION ANALYSIS
FOR BARCELONA HARBOR

1. Prior to the hydraulic model investigation of Barcelona Harbor, a

wave refraction analysis was conducted at the US Army Engineer Waterwa\'s

Experiment Station (WES) to determine the shallow-water wave height and tile

refracted wave direction at the model wave generator pit for representative

wave periods from the critical directions of deepwater wave approach. This

analysis was conducted using a linear wave refraction theory originally devel-

oped at Stanford University by Dobson (1967)* and modified by WES in 1971.

All computations and plotting were done using an Electronic Associates, Inc.

(EAI) Pacer 100 minicomputer and Versatec electrostatic plotter at WES.

2. In this analysis, the effects of both reflection and diffraction

are neglected. These assumptions are valid except in convergence areas where

caustics occur and linear theory does not apply Therefore the major assump-

tion in determining the wave height at any point on a wave orthogonal, within

the Limits of the linear theory, is that no energy is transmitted perpendicular

to tile orthogonal along the wave crest, in which case the height at any given

point is given by

H =H K K
o s r

where
H = wave height in deep water

0

K = shoaling coefficients

K = refraction coefficient
r

This assumption has been shown to be reasonable for mild slopes that induce

only gradual bending of the orthogonals. For areas of extreme refraction,

failure to consider the flow of energy along the wave crests can lead to sig-

nificant errors in t'e computed wave height. Since previous research at WES

by Whalin (1971, 1972) has shown that wave energy will tend to flow along the

wave crests in areas of energy concentration, a maximum refraction coefficient

of 1.4 and a minimum refraction coefficient of 0.45 were selected as being

reasonable values.

See References at the end of main text.
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3. Refract ion diagrams for Barcelona Harbor were produced from a rec-

tangular depth grid (8.0 miles by 5.8 miles) which paralleled the shoreline in

the vicinity of thte project area and extended lakeward beyond the deepwater

wave data gage location (Plate Al) from which wave characteristics were ob-

tained (Resio and Vincent 1976a). Limits of the depth grid used are shown in

Plate Al. The grid spacing was 400 ft and depths were taken from the latest

3lake survey charts. Storm conditions were represented by superimposing a water

level of 5.0 ft on the depth grid.

4. Wave orthogonals were produced for 5-, 6-, 7-, 8-, 9-, 10-, and

11-sec waves from west; 5-, 6-, 7-, 8-, and 9-sec waves from northwest and

north; and 5-, 6-, 7-, and 8-sec waves from northeast. The plots obtained

are shown in Plates A2-A22.

5. Refraction coefficients and shallow-water orthogonal directions ob-

tained for the various wave periods from the four deepwater wave directions

are presented in Table Al. These values represent an average of the orthogo-

nals in the immediate vicinity of the harbor site (approximately the location

of the wave generator in the model). Shoaling coefficients of 0.98, 0.95,

0.92, 0.91, 0.92, 0.93 and 0.94 for 5-, 6-, 7-, 8-, 9-, 10-, and 11-sec wave

Cperiods, respectively, were computed for a 55-ft water depth corresponding to
the simulated depth at the model wave generator. The wave-height adjustment

factor is obtained by multiplying K times K and can be applied to anyr s
dcepwater wave height to obtain the corresponding shallow-water value.

6. Based on the refracted directions secured at the model contours for

each wave period, four wave generator positions were selected for model testing

representing the various deepwater directions, The follo,'ing tabulation shows

!tLh deepwater directions and the corresponding shallow-water test directions.

S Deepwater Direction, Corresponding Shallow-Water
Azimuth, deg Test Direction, Azimuth, deg

West, 270 287

Northwest, 315 316
North, 360 347

6Northast, 45 20

We shatlow-water wave directions were taken to be the average directions of

the ret racted waves for tiLe significani wave periods noted from each deepwater

* direct ion.

,\2



Table Al

Summary of Refraction and Shoaling Analysis for Barcelona Harbor

r Wave Shallow-Water Wave-Height

Deepwater Period Azimuth Refraction* Shoaling** Adjustment
Direction, deg sec deg Coefficient Coefficient Factor

West (270) 5 276.4 0.97 0.98 0.95
6 281.8 0.97 0.95 0.92

3 7 285.6 1.00 0.92 0.92
8 288.5 1.09 0.91 0.99

9 291.4 1.07 0.92 0.98
10 292.3 1.12 0.93 1.04
11 292.5 1.14 0.94 1.07

NW (315) 5 315.1 1.00 0.98 0.98
6 315.2 1.01 0.95 0.96
7 315.9 1.01 0.92 0.93

8 315.9 1.00 0.91 0.91
9 316.1 0.98 0.92 0.90

• North (360) 5 354.2 0.98 0.98 0.96
6 349.5 0.97 0.95 0.92
7 345.9 0.97 0.92 0.89
8 344.0 0.98 0.91 0.89
9 341.9 0.96 0.92 0.88

NE (45) 5 27.7 0.80 0.98 0.78
6 21.2 0.80 0.95 0.76
7 16.1 0.76 0.92 0.70
8 12.8 0.81 0.91 0.74

* At approximate locations of wave generator in model.

** At 55-ft depth (50-ft pit elevation with 5-ft storm conditions
suverimposed).
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AI'PI{NAiX B: COMP\RISON OF SPECTRAL AND MONOCIIROMATIC
WAV[E TESTS FOR BARCELONA HARBOR

T The opt imum improvement Plan (Plan 58, Plate 28 in main text) was ini-

tially developed in the model investigation using statistical wave hiindcast data

from Resio and Vincent (1976a).* These test waves were reproduced with a mono-

chromatic wave gnerator. Subsequent to these model tests, and in order to de-

termine wave liciglits in the harbor for spectral wave conditions (irregular wave

trains propagating into the study area), it was necessary to conduct an addi-

tional wave hindcast study for Barcelona Harbor. This study (Jensen 1984), en-

tailed both a wind analvs is and spectral analysis of wave conditions for the

boating season (May-Oct). The values (significant wave periods and wave

heights) obtained for this additional wave hindcast varied somewhat from those

obtained in Rcsio and Vincent (1976a) due to the May-October hindcast period

and the intermediate depth water-wave hindcast procedures used. Therefore, to

draw direct wave-height comparisons in the harbor between spectral and mono-

chromatic wave :onditions, it was necessary to calihrate both the spectral and

monochIroma tic waVe ;enerators for design waves with significant wave periods

and heights corresponding to the data generated by Jensen (1984).

2. Wave spectra were developed lor Barcelona Harbor representing I- and

25-%Ncar recurrence intervals occurring during boating season (May-Oct) for the

west, northwest, north, and northeast test directions. Typical 2-ft wave spec-

tra also were developed for the northeast test direction. Model test waves

were converted to shallow-water values by application of refraction and shoal-

ing coefficients (described in main text) as shown in the following tabulation:

Shallow- Deepwater** Shallow-

Water Wave** Wave Water** Recurrence Still-Water
DcepwIt_'r Azimuth Period Height Wave hfeight Interval Level
Direct ion deg sec ft ft \,ears (swl)

W.s 287 5.2 3.9 3.7 1 +3.0
).4 4.7 4.4 25 +6.5

Noccthiwk- t 316 6.2 o.3 6.(0 1 +3. 0
o.9 8.2 7.6 25 +5.0

No rt L .147 5.9 .5 5.1 1 +3.0
6.2 6.9 6.3 25 +5.0

o r thia>t 20 .0 -- 2.0 -- +3.0
5.9 5.() 4.3 1 +3.0
0.2 6.9 5.2 25 +4.0

See-2 kc feren(es at end of main text.
** indicates significant wave p riods and wave heights.
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3. AS inl the initilal inodel- testing program, test waves from northeast

L 20~I dcg) a lso WL rc te'sted. IfI rui ana unref racted nor thleas t direct ion (45 deg)

.1iiS represented dee-pwatcr Waves approaching from a more easterly direction

lhin irtiieas- (refracted to due northiea!st, 45 deg). Waves approaching from

Lkis directionl potentially could enter the harbor through the opening between

the cast breakwater and the public wharf (city dock).

S . Plots depicting the various wave spectra generated are presented in

P latcs- B0109. The dashed lines represent the desired spectra while the solid

itnes represent the spectra generated by the wave generator. Methods employed

to geneutrate these design wave conditions, the wind analysis, the numerical

a shallow-water wave model- utilized, and the actual wave hindrast may be obtained

I'ron[ Jensen (1984).

5. Wave heights obtained for spectral wave conditions for Plan 58 are

presented in Trablec131. Wave heights (ilm, = energy-based on four times the

* 0

standard deviationl of the surface elevation data at each gage, usually equiva-

lent1 inl dcep) water to the significant wave heights, 1 /3 ), were tabulated to

snwvalues at selcteLd gage locations. Maximumi wave heights were 4.3 ft in

u he entrance (gage i) for 6.2-see, 5.2-ft test waves from northeast; 1.1 ft in

tilL mooring area (gage 5) for 6.2-sec, 5.2-ft test waves from unrefracted

iiorlicast; 1.1 ft in the inner harbor (gage 10) for 6.2-sec, 5.2-ft test waves

trei northeast; and 2.2 ft adjacent to the city dock (gage 12) for 6.2-se,

).2-tt tst waves from the unrefracted northeast direction. Wave heights in

F thc mooring area (gages 4-8) were well within the established 2.0-ft wave-

hllwtcriterion. Typical spectral wave patterns for Plan 58 are shown in

Stos~2s1-n12.

6. Rests of wave-height tests conducted for monochromatic wave condi-

Lions or the test waves listed in paragraph 2 with Plan 58 installed in theK ont irep shown i Table B2. Again, the tabulated values refer to significant
i, lii i ts obtained at selected locations. Maximum wave heigh ts obtained

t .6 in the entrance (gage 1) for 6.2-sec, 5.2-ft test waves fro uithe

0

ri ted nort heast direction; 2.0 ft in the mooring area (gage 10) for

.. 2-f t test waves from the Unrefracted northeast direction; and 4.1 ft

t tooig the city dock (gage 12) fur 6.2-sc 52-ft test waves IFrom north-

i iii, -f wave-height criterion Ilclpec wv pathe rin area was ao exceeded

.,I. ii) Rtese test waves. Typical conrmonochrroa c wave pat tcims ohta med for

iii i)re siow in lehots I 3-B324.
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7. Wave-hecight data for corresponding spectral and monochromatic wave

conditions were plotted graphically, Lis shown in Plates 110-1316 for comparison

purposes. Average wave heights at eachi gage location for 'both spectral and

monochirom,,atic conditions (considering all test waves, directions, and still-

water Levels) are presented in Plate B317. Considering all test conditions,

monochromuatic wave conditions, in general, resulted in slightly larger wave

heights in thle harbor as opposed to wave heights secured with spectral wave

Conditions. W itfi tile exce~ption of 5-sec, 2-ft test waves from northeast, the

unitorm mnonochromlatic waves resulted in larger wave heights in the entrance

(gag-e I) than did the irregular (varying wave p)eriod and hleights) spectral waves

for all test directions. Visual observations and wave pattern photographs in-

dicated that monochromatic wave conditions resulted in substantially more over-

topping, of thle structures than thle corresponding spectral waves. For tile larger

test waves, eachi monochromatic wave . crest overtopped the structures, whereas thle

irregular spectral waves only occasionally overtopped the structures. It was

noted also that wave reflections r-rom the structures and standing wave patterns

inside the harbor were more uniform and prominent for monochromatic waves as

opposed to corresponding spectral conditions. The large wave heights obtained

(particularly adjacent to the city dlock) for some of the more severe monochro-

matic test waves may be attributed to thle fact that a fixed gage was placed at

*anl ant miodal point in a uniform standing wave system. For the irregular spec-

* tral waves, wave patterns were less uniform and less conspicuous in the harbor

E an maxmumWave heights at a fixed location varied from wave to wave.

8. In summary, results of these tests indicated that monochromatic wave

conditions, re~sulted In slightly larger wave heights throughout the harbor than

for corre~sponding spectral wave condi tions. The estabLishied 2.0-ft wave-heiit

cr iterioln in tile harbor mooring area was met by bo0th thle monochromatic and

s 1) t Lra t wave t r a inis. Since the maxim,,um wave heil'ht in the mooring area for

monch~oma Icwaves was 2.0 ft and tle1 Maximuml wave he ight was t .1 ft for sj)cc

t ral waves, adh dueI to thle fact tiiat irregular spec tral wave trains nlore-

c I oso- I vrep~resent cond It ions in tile pro tot', pe , tile reCsult LS otheI Mon Ih0C ro Ma t i C

wae tsts m ,ay he considered s1i glil Coiiso rva tLyeU
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APPENDIX C: NOTATION

A Area

b Shal row-water orthogonal spacing

b 0 Deepwater orthogonal spacing

112 Refraction coefficient, K
(b /b) r

0

*11 Shallow-water wave height

H 0 Deepwater wave hight

IHM Energy-based wave

H 13 Significant wave height

K Refraction coefficient
r

* K s Shoaling coefficient

L Length

T Time

V Velocity

* .V Volume

OU S'



FILMED

0 2-85

* DTIC


